The effect of novel solution treatment during the solidification process on the structure and mechanical properties of the W319 alloy. by Chen, Xin
University of Windsor 
Scholarship at UWindsor 
Electronic Theses and Dissertations Theses, Dissertations, and Major Papers 
2003 
The effect of novel solution treatment during the solidification 
process on the structure and mechanical properties of the W319 
alloy. 
Xin Chen 
University of Windsor 
Follow this and additional works at: https://scholar.uwindsor.ca/etd 
Recommended Citation 
Chen, Xin, "The effect of novel solution treatment during the solidification process on the structure and 
mechanical properties of the W319 alloy." (2003). Electronic Theses and Dissertations. 3891. 
https://scholar.uwindsor.ca/etd/3891 
This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor 
students from 1954 forward. These documents are made available for personal study and research purposes only, 
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution, 
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder 
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would 
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or 
thesis from this database. For additional inquiries, please contact the repository administrator via email 
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208. 
NOTE TO USERS
Page(s) not included in the original manuscript and are 
unavailable from the author or university. The manuscript 
was scanned as received.
ix
This reproduction is the best copy available.
®
UMI
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THE EFFECT OF NOVEL SOLUTION TREATMENT 
DURING THE SOLIDIFICATION PROCESS ON THE 




A Thesis Submitted to the 
Faculty of Graduate Studies and Research 
Through Mechanical, Automotive and Materials Engineering
in Partial Fulfilment 
of the Requirements for the Degree of Master 
of Applied Science at 
the University of Windsor
Windsor, Ontario, Canada 
2003







395 Wellington Street 
Ottawa ON K1A 0N4 
Canada
Your file Votre reference 
ISBN: 978-0-494-17024-3 




395, rue Wellington 
Ottawa ON K1A 0N4 
Canada
NOTICE:
The author has granted a non­
exclusive license allowing Library 
and Archives Canada to reproduce, 
publish, archive, preserve, conserve, 
communicate to the public by 
telecommunication or on the Internet, 
loan, distribute and sell theses 
worldwide, for commercial or non­
commercial purposes, in microform, 
paper, electronic and/or any other 
formats.
AVIS:
L'auteur a accorde une licence non exclusive 
permettant a la Bibliotheque et Archives 
Canada de reproduire, publier, archiver, 
sauvegarder, conserver, transmettre au public 
par telecommunication ou par I'lnternet, preter, 
distribuer et vendre des theses partout dans 
le monde, a des fins commerciales ou autres, 
sur support microforme, papier, electronique 
et/ou autres formats.
The author retains copyright 
ownership and moral rights in 
this thesis. Neither the thesis 
nor substantial extracts from it 
may be printed or otherwise 
reproduced without the author's 
permission.
L'auteur conserve la propriete du droit d'auteur 
et des droits moraux qui protege cette these.
Ni la these ni des extraits substantiels de 
celle-ci ne doivent etre imprimes ou autrement 
reproduits sans son autorisation.
In compliance with the Canadian 
Privacy Act some supporting 
forms may have been removed 
from this thesis.
While these forms may be included 
in the document page count, 
their removal does not represent 
any loss of content from the 
thesis.
Conformement a la loi canadienne 
sur la protection de la vie privee, 
quelques formulaires secondaires 
ont ete enleves de cette these.
Bien que ces formulaires 
aient inclus dans la pagination, 
il n'y aura aucun contenu manquant.
i * i
Canada
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
© Xin Chen 2003 
All Rights Reserved
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ABSTRACT
A Novel Accelerated and Continuous solution treatment (ST), which is known as the 
Novel Solution Treatment during the Solidification Process (NSTS), was performed on 
the W319 A1 alloy. The metallographic analyses of the test samples showed that the 
NSTS process allows for the dissolution of the Cu enriched phases as well as Mg and Si 
based phases during a shorter period of time (between 30 and 60 minutes at a temperature 
between 510°C and 530°C) in comparison with the solution treatment (ST) process (over 
5 hours at a temperature of 495°C) used by Nemak Windsor Aluminum Plant (WAP). 
The metal matrix microhardness of the W319 alloy after the NSTS process is 
approximately 10% higher in comparison with the conventional solution treatment 
(CST). This offers a greater flexibility in selecting the optimum artificial aging (AA) 
parameters. The duration of the NSTS process is approximately 2.5 times shorter than the 
CST process for given experimental conditions. This is a significant economical 
advantage. The NSTS process at 510°C for 30 minutes followed by 2 weeks of natural 
aging (NA) delivers Ultimate Tensile Strength (UTS) of approximately 202.1±9.1MPa 
and Yield Strength of approximately 187.4±2.5MPa to the W319 alloy, which is 
comparable with the mechanical properties after the CST process under identical 
conditions. The NSTS process has the potential to replace the Heat Treatment process at 
the Nemak Windsor Aluminum Plant (WAP), offering significant savings, while 
maintaining the required service characteristics of the casting components.
This novel concept was developed by using the unique thermal analysis technique to 
estimate the dissolution of the Cu enriched phases during the NSTS process. In addition, 
the thermal analysis (TA) technique could be used to estimate the matrix microhardness 
of the test sample subjected to the NSTS process. However, more research is needed to 
explore this concept.
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CHAPTER 1. INTRODUCTION
1.1. B a c k g r o u n d
The 319 alloy is the material of choice for a variety of automotive components such as 
engine blocks and cylinder heads, because of its good castability and preferred 
mechanical properties [Davis, 1994]. In order to improve mechanical properties, solution 
treatment (ST) and artificial aging (AA) processes are used. The composition limits for 
the alloy of interest in this work are slightly different than the American Aluminum 
Association 319 Alloy. This alloy is called the W319 aluminum alloy, which is used at 
Nemak’s Windsor Aluminum Plant (WAP) and at Nemak’s Essex Aluminum Plant 
(EAP). It was found that the W319 alloy is prone to detrimental micro & 
macrosegregation of alloying and impurity elements especially for high Cu levels and if 
Sr is used for Si morphology modification.
The thermal sand removal (TSR) process combined with solution treatment is used for 
de-moulding, de-coring and heat treating of engine block and cylinder head castings at 
WAP and EAP, respectively. The TSR furnace is designed to maintain a steady 
temperature over an entire cycle (5 hours). The furnace manufacturer claims that effective 
TSR and ST can be performed in the same cycle. However, the NSERC/Ford/University 
of Windsor Industrial Research Chair (IRC) in Light Metals Casting Technology found 
that this is not feasible for the alloy with a high level of Cu enriched phases segregation, 
especially if the solution temperature is not properly set and controlled. In 1993, the IRC 
optimized the TSR process temperature (495°C) for the W319 aluminum alloy castings in 
order to avoid detrimental incipient melting of the Cu enriched phases [Byczynski, 1993, 
Byczynski, 1995a].
In order to considerably increase engine block casting mechanical properties while 
shortening the solution time and avoiding the incipient melting, the IRC developed and 
industrially verified (at B&W Heat Treating, Kitchener, ON) a two-step solution
1
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treatment [Sokolowski, 1997]. Castings were first heated to just below the Al-Si-Cu 
eutectic temperature to dissolve non-equilibrium eutectics. Then they are heated to the 
final solution temperature to dissolve additional hardening elements and achieve greater 
homogenization. These investigations of the solution treatment of the 319 cast alloy show 
that a two-step treatment gives rise to improved homogenization and superior mechanical 
properties (strength, elongation, impact) after aging, compared with the alloy given the 
conventional single-stage solution treatment [Sokolowski, 1997],
Rising energy costs have prompted the automotive foundries to redesign production 
processes in order to make them more energy efficient. For this reason, there is a constant 
demand to reduce the TSR/Solution Treatment time in order to lower manufacturing 
costs. Therefore, the scientific interest is focused on the Heat Treatment process, and one 
of the concepts of heat treatment reduction is explored in this work.
Area Fraction of Cu enriched phases (AlCuSiMg based) and morphology play an 
important role in the investigated W319 alloy. These phases play a role in the 
precipitation phenomena during heat treatment, and can have a considerable influence on 
mechanical properties of the alloy. Traditionally, the total amount of Cu enriched phases 
in the heat treated casting can be measured using metallographic analysis, which is time 
consuming. The quantification technique was developed to estimate Cu enriched phases 
in the 3XX aluminum alloys by using thermal analysis during the solidification process 
[Djurdjevic 2001].
In this work, the concept of TA was expanded, and the effectiveness of the NSTS process 
(dissolution of Cu enriched phases) was evaluated by using the TA technique. The 
concept is discussed to present the relationship between the metal matrix microhardness 
(HV25) and the Volume Fraction (VF) based on TA measurements.
2
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1.2. O b je c t iv e s
The overall goal of this work is to perform the feasibility studies of the effect of the 
NSTS process on the structure and mechanical properties of the W319 alloy. The NSTS 
process was developed by scientists from IRC and Silesian University of Technology. 
The NSTS process is intended to significantly reduce the heat treatment duration, while 
maintaining the required mechanical properties of the castings. The research is intended 
to explain the metallurgical phenomena behind the NSTS process and highlight the 
advantages and/or disadvantages with respect to the conventional heat treatment process 
[Kasprzak 2002a, 2002b &2002c]. This research will help to design the novel accelerated 
continuous thermal processes that will fully take advantage of the alloy chemistry and the 
achievable mechanical properties for a given chemistry and specific application(s). This 
process could replace the already utilized TSR/ST process at Nemak’s WAP. The 
detailed objectives can be specified as follows:
• To optimize the NSTS parameters (time and temperature) in order to achieve 
dissolution of Cu enriched phases comparable to the CST and additional 
hardening phases (Mg and Si based) as well as increase the corresponding metal 
matrix microhardness.
• To compare the structural and mechanical characteristics of the W 319 alloy after 
the NSTS process and the CST process.
• To use the thermal analysis technique to estimate the Volume Fraction of Cu 
enriched phases based on the TA after the NSTS process and the corresponding 
matrix microhardness.
3
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CHAPTER 2. LITERATURE REVIEW
2.1 . M e ta l l u r g y  o f  H y po e u t ec t ic  A l -S i A llo y s
2.1.1. Microstructure of Al-Si Alloys
According to the American Aluminum Association (AAA) designation, the 3XX.X alloy 
belongs to Al-Si alloys containing Cu and /or Mg. Many foundry alloys based on an Al- 
Si system, contain Cu and Mg as the main alloying elements, together with varying 
amounts of Fe as the impurity elements. During the solidification process, these elements 
partially turn into a solid solution depending on the solid solubility limit, and partially 
form intermetallic phases, which influence the mechanical properties of the Al-Si alloy 
[Davis 1994], The chemical composition of the standard 319 aluminum alloy according 
to the AAA standard is shown in Table 2.1. The W319 aluminum alloy, currently used at 
WAP, is of interest in this project, and has a slightly different chemical composition than 
the AAA 319 aluminum alloy. The W319 aluminum alloy has a higher Si and Mg 
content, a lower Fe content and the Sr concentration is limited in less than 0.002%. The 
chemical composition limit of the W319 alloy is shown in Table 2.2.
Table 2.1. Chemical composition of the standard AA319 aluminum alloy [Zalensas],
Average Composition, wt%




















Table 2. 2. Chemical composition of the W319 aluminum alloy [Caton, 1999].
Average Composition, wt%
Alloy Type Si Cu Fe Mg Mn Zn Ti Ni Sr
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In the literature, a great deal of focus has been placed on the 356 alloy, however, in recent 
years there has been a rise in the number of publications concerning the 319 alloy. In the 
following sections, a brief overview regarding the microstructure of the 319 alloy is 
given.
Table 2. 3. Common copper enriched phases found in the 319 A1 alloy [Backerud 1990, 
Caceres 1999, Sigworth 1983].
Phase Description Stoichiometry Nucleation Temperature
“Massive” or “blocky” Al-Cu eutectic 
phase (containing approximately 
40wt% Cu) forms together with 
(3-Al5FeSi platelets.
A12Cu approximately 525°C
Fine A1 and Al-Cu eutectic phases form 
(containing 24wt% Cu).
A1-A12Cu approximately 507°C
If the melt contains more than 0.5wt% 
Mg, an ultra fine Al-Mg-Cu-Si eutectic 
phase also forms.
Al5MggCu2Si(5
also at approximately 
507°C
The addition of silicon in this series of alloys improves metal castability, increases 
fluidity of the liquid alloy, improves feeding and reduces metal casting during 
solidification [Zalensas 1993]. The microstructure of Al-Si alloys depends both on the 
composition and the casting process. The rapid cooling in pressure die-casting causes a 
fine eutectic structure, small dendritic cells and arm spacing, and a reduced grain size. 
Slower cooling rates encountered in permanent mould and sand casting necessitate the 
use of eutectic modifiers such as Sr or Na to obtain finely dispersed eutectic silicon 
instead of an acicular or lamellar eutectic silicon [Gauthier 1994a & 1994b], However, Sr 
is not used at WAP, because it was found that Sr increases the amount of porosity in the 
casting [Djurdjevic 1999].
Cu is added to form Cu enriched phases, which act as hardeners. With suitable heat 
treatment, Cu can provide greatly increased strength by formation of precipitates during
5
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the aging process. Common phases found in the 319 A1 alloy are listed in Table 2.3. 
[Backerud 1990, Caceres 1999, Samuel 1998]. In the 319 alloy, the Cu enriched phases 
have three main morphologies namely blocky, eutectic type and fine eutectic type (Figure 
2.1) [Caceres 1999, Djurdjevic 2001]. Due to the complexity of the Al-Cu eutectic, the 
term Cu enriched phases is used in this work. Qualitative and quantitative assessment of 
the chemical composition of the Cu enriched phases was carried out by the IRC research 
team, and the stoichiometry of the observed Cu enriched phases is presented in Table 2.4. 
[Djurdjevic 2001]. Nucleation and dissolution temperatures of the Cu enriched phases 
depend on the chemistry as well as on the morphology. Moreover, the Mg enriched 
phases (Mg2 Si) were found inside the Al-Cu eutectic (Figure 2.3 a). Based on the 
Transmission Electron Microscopy (TEM) study [Kasprzak 2002e] it was found that the 
Al-Cu eutectic also appears in the ultra fine morphology not visible under LOM. Several 
single Si crystals were found inside the Al-Cu eutectic (Figure 2.3 b). Based on this fact, 
one can postulate that the solidification of the Al-Si eutectic continues until the solidus 
temperature is reached [Djurdjevic 2001], and Si is one of the constituents of the multi 
component Al-Cu eutectic.
Figure 2.1. SEM micrographs (BSE images) of the characteristic morphology of the Cu 
enriched phases found in the investigated alloys; blocky (#1) eutectic type (#2), fine 
eutectic type (#3) [Djurdjevic 2001].
6
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Fe is added to Al-Si alloys to improve strength, however, this is accompanied by a 
substantial decrease in ductility. Moreover, as the area fraction of these insoluble phases 
increases with increased iron content, casting characteristics such as fluidity and feeding 
characteristics are adversely affected [Davis 1994], The two most common Fe based 
phases found in the alloy 319 alloy are listed in Table 2.5 [Crepeau 1995, Otte 1999, Roy 
1996],
Table 2. 4. Chemical compositions of phases observed in the 3XX A1 alloy [Djurdjevic 
2001],
Type of Cu Enriched Phases Stoichiometry of Cu Enriched Phases 1
"Blocky" Cu 10.59 A1 4.09 Si 2.82 Mg 2.48
"Eutectic" Cu 7.27 A1 12.25 Si 0.47
"Fine Eutectic" CU 4.14 A1 13.32 Si 1.72 Mg 0.81
a) b)
8000x
Figure 2. 2. Microstructure of the as cast W319 alloy, a) Microstructure of the as cast 
W319 alloy test sample under SEM (BSE Mode). Note the fine Mg enriched phases (#1) 
inside the Cu enriched phases (#2); b) TEM (Bright field) microstructure of the Al-Cu 
eutectic in the synthetic Al-Si-Cu alloy (W319 equivalent). Note the few single crystals 
of Si (#3) inside the ultra fine Al-Cu eutectic (#4).
7
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Table 2. 5. Common Iron Intermetallics found in the 319 alloy [Crepeau 1995, Otte 
1999, Roy 1996].
Phase Description Composition Comments
a-phase or “Chinese script”, Ali5(FeMn)3Si2 Preferred morphology, seen
multi-armed or semi-symmetrical as less harmful to ductility,
shape stable during heat 
treatment.
[3-phase, thin plates Al5FeSi Undesirable because of 
morphology. These phases 
reduce casting ductility and 
increase shrinkage porosity 
by blocking feeding paths. 
However these phases may 
be fragmented and dissolved 
during heat treatment.
2.1.2. Modification Method of the Al-Si Eutectic
In general terms, modification of the silicon eutectic is a known method to improve 
ductility in Al-Si alloys. Si particles serve to strengthen the aluminum matrix, but in turn 
lower the ductility [Davis] of the material unless the needle shaped Si particles are made 
less acicular. The modification of the Si particles improves the mechanical properties of 
Al-Si alloy considerably, including a slight increase in tensile strength, and a large 
increase in ductility [Davis 1994, Gauthier 1994a]. Modification of Si can be achieved by 
chemical and/or thermal modification (i.e. Heat Treatment).
Chemical modification by Sr and Na are most commonly used by industry to modify the 
Si eutectic structure. However, Na causes a polluting effect in the workplace, as well as 
affects the castability of the alloy due to the formation of a sodium oxide skin. Sr has 
become the favoured addition for a vast number of metal casters. The addition of Sr to 
the liquid Al-Si alloys modifies the eutectic silicon structure from acicular or lamellar to
8
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fibrous. Unmodified melts of 319 and 356 aluminum alloys contain coarse flakes of 
crystalline silicon in the Al-Si eutectic. These particles are brittle. They reduce the 
strength and ductility of the castings and also inhibit the feeding of the shrinkage voids 
that form as the casting solidifies [Lidman 1994], Chemical modifiers (i.e. Sr) are very 
useful at lower cooling rates and are the favoured method of modification in heavier sand 
castings sections [Closset 1982], However there are secondary negative effects that Sr 
additions seem to have on the soundness of the castings. Sr has been observed to increase 
the amount and size of the porosity. It has been found that porosity increases with Sr 
modification, even when the hydrogen levels and the solidification cooling rate are held 
constant. Moreover, an increase in porosity is exaggerated at a lower solidification rate 
[Samuel 1998, Shivkumar 1991, Tynelius 1986].
Generally, a modified silicon eutectic structure is desirable from the material properties 
point of view; but this may be offset by an increase in the amount of porosity. It was 
found that Sr contributes to a reduction in mechanical properties (cycle fatigue) by 
promoting macro segregation, and increasing porosity in terms of pore size, density and 
volume fraction of the 319 alloys in slowly solidified (0.5°C/s) sections. In addition, by 
increasing the Sr level beyond the optimum value, this may have a detrimental effect on 
the mechanical properties by promoting coarse Si particles [Djurdjevic 1999]. 
Consequently, initial research conducted by the IRC suggests that the strontium level 
should be optimized (i.e. decrease the concentration to between 75 and 85 ppm) 
[Djurdjevic 1999], so as to reduce Solution Treatment time and still achieve some level 
of fragmentation and spheroidization of the Si particles [Djurdjevic 1999]. More recent 
reseach work revealed that using the W319 alloy with residual Sr results in a considerable 
improvement of the casting’s high cycle fatigue performance [Mackay, 2003].
The Al-Si alloy is often solutionized for 6-12 hours to spheroidize the Si particles through 
thermal modification [Shivkumar 1991, Fuoco 2002]. The degree of modification in the 
as-cast material does have an effect on how quickly heat treatment is able to spheroidize 
the eutectic phase. Even after 26 hours of solution treatment, it was found that the 
originally unmodified structure is not completely spheroidized [Shivkumar 1991]. During
9
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this solution treatment process, the Si becomes more spherical and coarsens, and 
microstructural differences between modified and unmodified Si are lessened [Shivkumar 
1991]. Very rapid spheroidization during heat treatment occurs in Sr modified melts, as 
they undergo fragmentation rapidly [Shivkumar 1991]. During Solution Treatment, the 
modified eutectic becomes more spherical and modified particles coarsen [Shivkumar 
1991]. It has been suggested that chemical modification can be used to reduce heat 
treatment costs (Djurdjevic 1999).
The changes in the microstructure of the Si eutectic due to modification and heat 
treatment have a considerable effect on the mechanical properties of the A1 alloy, 
although the heat treatment affects the mechanical properties more than modification 
does [Gruzleski, Gauthier 1994, Jorstand 1993, Sigworth 1983]. It has been found, that 
the tensile strength of the as-cast or heat-treated structures are not significantly influenced 
by increasing the Sr content. However, modification of the melt with Sr does contribute 
to the large change in elongation for both as-cast and heat treated structures [Shivkumar 
1998], Sjivkumar [Shivkumar 1998] has found that at equivalent Sr levels, the tensile 
data after heat treatment are higher than those for as-cast. This is expected, since the 
artificial aging of the 319 A1 alloy produces a fine dispersion of metastable precipitates 
which strengthen the alloy [Shivkumar 1998].
A longer solution heat treatment increases the ductility of the unmodified alloy, when Sr 
is present, and the biggest improvement is observed for yield strength [Paray 1994], The 
biggest advantage of chemical modification is evident for the slower solidification rates 
associated with sand casting. The coarseness of the original eutectic structure of the 
unmodified sand casting explains the beneficial effect of Sr, which persists with heat 
treatment. It was suggested that the best mechanical properties are reached when Sr is 
used in combination with heat treatment, although more work is necessary to define the 
optimum solution treatment time for the best properties [Shivkumar 1998],
Research conducted by the Ford-Nemak IRC has indicated that a two-step solution 
treatment process also has advantages important to industrial technology. Peak hardness
10
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of the metal matrix occurred in the lower and wider temperature range than in classic 
artificial aging. The Al-Si eutectic particles morphology was considerably affected by the 
solution treatment range (520±5°C). In addition to Sr modification, spheroidization 
occurred. The solution treatment at 545°C resulted in considerable coarsening of the Si 
particles. The response of the metal matrix subjected to the two-step solution treatment 
and artificial aging was also better than that of the conventional solution treatment 
[Sokolowski 1995 & 1997],
2 .2 . H e a t  T r e a t m e n t  o f  A l -Si a llo y s
2.2.1. Heat Treatment Theory of Al-Si Alloys
The term heat treatment is often used to describe the steps required to achieve maximum 
strength in any suitable casting composition through the sequence of solution heat 
treatment, quenching and natural aging/artificial aging. Heat treatment comprises all 
thermal practices intended to modify the metallurgical structure of a casting in such a 
way that the physical and mechanical characteristics are controllably altered to meet 
specific engineering criteria. In all cases, one or more of the following objectives form 
the basis for heat treatment selection [Davis 1994, Zalesas 1993].
• Increased hardness for improved machinability.
• Increased strength and/or produce the mechanical properties associated with a 
particular structure.
• Stabilized mechanical and physical properties. Ensure dimensional stability as a 
function of temperature and time under service conditions.
• Relieve casting residual stresses induced by differences in solidification and 
cooling rate, quenching, machining, welding, or other operations.
• Removal of micro and &macro-segregation of alloying and impurity elements.
11
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2.2.1.1. The Mechanism o f Precipitation Hardening
Precipitation hardening, or age hardening, is achieved by a combination of solution 
treatment and quenching of an alloy where a second phase is dissolved in the solid 
solution (metal matrix) at the elevated temperature and precipitates during aging at a 
lower temperature. For precipitation hardening to occur, the second phase is soluble at an 
elevated temperature and exhibits decreasing solid solubility with decreasing 
temperature. Heat-treatable aluminum alloys contain alloying elements that decrease in 
solubility with decreasing temperature. Their concentration exceeds equilibrium solid 
solubility at room temperature and moderately higher temperatures. Solution heat 
treatments are designed to maximize the solubility of elements that participate in 
subsequent aging treatment.
The mechanism of strengthening by age hardening after solution treatment involves the 
formation of coherent clusters of solute atoms (that is, the solute atoms have collected 
into a cluster but still have the same crystal structure as the solvent phase-metal matrix). 
This causes a great deal of strain because of the mismatch in size between the solvent and 
solute atoms. During plastic deformation, the dislocations can be anchored (pinned) or 
trapped by coherent solute clusters, and the alloy is considerably strengthened and 
hardened [ASM Handbook].
The formation of a coherent precipitate in a precipitation-hardening system, such as Al- 
Cu, occurs in a number of steps. After quenching from a solid solution the alloy contains 
regions of solute segregation, or clustering [ASM Handbook]. Guiner and Preston [ASM 
Handbook] first detected this local clustering by special X-ray techniques, and therefore 
this structure is known as the GP zone. The clustering may produce local strain, so that 
the hardness of GPi is higher than that of the solid solution. With additional aging the 
hardness is increased further by the ordering of larger clumps of copper atoms on the 
{100} planes of the matrix. This structure is known as GP2 , or 0”. Next, definite 
precipitate platelets of CUAI2 , or 0’, which are coherent within the matrix, form on the 
[100] planes of the matrix. The coherent precipitate produces an increased strain field in
12
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the matrix and a further increase in hardness. With further aging the equilibrium phase 
CuA12, or 0, is formed from the transition lattice 0’. These particles are no longer 
coherent with the matrix, and therefore the hardness is lower than at the stage when 
coherent 0’ was present. Continued aging beyond this stage causes particle growth and a 
further decrease in hardness. Figure 2.3 illustrates the way in which the hardness varies 
with aging time and temperature. In the highest strength condition, both 0” and 0’ 
transition precipitates may be present. When time or/and temperature are increased 
sufficiently to form high proportions of the equilibrium precipitate 0, the alloy softens 
and is said to be “over aged” [ASM Handbook].
2.2.1.2. Solution Treatment
The conventional heat treatment operations consist of the following:
• Solution treatment -  dissolution of soluble phases into the metal matrix and
spheroidization of some undissolved constituents and improvement of
homogenisation.
• Quenching -  development of a supersaturated solid solution.
• Aging -  precipitation at room temperature (natural aging) or an elevated 
temperature (artificial aging).
In the as-cast condition due to limited solid solubility, a large proportion of the 
precipitate forming elements are in the form of structure constituent phases. Hence, the 
primary purpose of the solution treatment is to dissolve the constituent phases and enrich 
the a-aluminum solid solution in solute elements.
The second aim of solution treatment is fragmentation and spheroidization of some 
constituents that are present in quantities that cannot be fully dissolved. In Al-Si-Cu or 
Al-Si-Mg alloys, excess silicon is always present. As-cast eutectic silicon forms flakes, 
fibers or lamellae (the latter two results from eutectic modification treatments). During 
solution treatment, silicon particles globularize and begin to coarsen. It was mentioned 
before that the modified alloys undergo rapid fragmentation and spheroidization, while
13
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Figure 2. 3. Hardness as a function of aging time and temperature for the Al-4Cu alloy. 
The alloy was solution treated for at least 48h at 520°C, then water quenched to 25°C 
[ASM Handbook],
The third desired effect of solution treatment is to homogenize the microstructure, thus 
eliminating the effects of coring and segregation. Prior to age hardening, it is desirable to 
have the greatest possible concentration of precipitate forming alloying elements in the 
solid solution. Hence, solution temperatures must be high enough to facilitate diffusion of 
alloying element atoms and to increase their solid solubility.
A potential for localized melting exists because of the presence of low melting point non­
equilibrium eutectics that form during the solidification process. These eutectics melt if 
the melting temperature that corresponds to their local composition is exceeded, a process
14
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called incipient melting. Expansion is followed by contraction as the region melts and 
(after approaching equilibrium with the surrounding metal) re-solidifies. This creates 
voids that approximate the breadth of the melted constituents.
319 alloy cast components are generally heat treated to the T6 temper (Table 2.6) to 
achieve an optimum combination of mechanical properties [ASM Handbook]. Many heat 
treatment specifications, including the American Aluminum Association Standards, 
generally restrict solution temperatures to below the final solidification point for Al-Si- 
Cu alloys (equilibrium heat treatment). These temperature standards are developed with 
the assumption that the formation of small amounts of liquid phases during solution 
treatment at a temperature slightly higher that the specified limits (non-equilibrium heat 
treatment), is detrimental to mechanical properties. That is to say, grain boundary melting 
and other localized melting are undesirable and should be avoided by all means during 
heat treatment. This has been the philosophy to date in choosing the solution temperature. 
However, recent research work on the 319 alloy by Apelian et al [Apelian 1989, 
Shivkumar 1989] and at the University of Windsor [Sokolowski 1995 & 1997] utilized a 
higher solution temperature than the previous maximum (i.e. the final solidification 
temperature). According to their results, impact properties increase with increasing 
solution temperature to reach a maximum at 520-525°C.
Although incipient melting of small colonies (in the micron range) of the Al-Si-Mg 
ternary eutectic in the Al-Si-Cu-Mg alloys is not necessarily dangerous, melting of the 
eutectic silicon phase can be widespread enough to be detrimental to the casting 
characteristics. Since incipient melting irreparably embrittles aluminum castings, this 
condition must be prevented by controlling alloy composition and solution temperatures 
[Byczynski 1993].
Under normal heat treatment conditions, the iron intermetallics do not undergo any 
change. According to Crepeau et al [Crepeau 1995], the p-AlFeSi phase (needle-like 
morphology), which forms in the cast alloys with a higher silicon content does not 
dissolve, but its morphology is changed slightly with heat treatment. With the addition of
15
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a small amount of manganese or chromium, the a-AlFeSi phase (Chinese script 
morphology) becomes more stable. Therefore, as reported by Dobrzanski et al 
[Dobrzanski 2002], no changes are noted in size, number or morphology of a- and (3- 
phases during the T6 heat treatment for alloys containing small amounts of manganese or 
chromium. Inspired by the encouraging results obtained by Shimzu, Narayanan et al 
[Narayanan 1995] applied a similar non-equilibrium heat treatment to 319 alloy samples 
containing 1.0% Fe to study the dissolution behaviour of iron intermetallics. They found 
that the dissolution of iron intermetallics improves with increasing solution temperature 
and the addition of manganese to the alloy hinders the dissolution of iron imtermetallics. 
As a result of the dissolution of the iron phases, the strength properties of high iron alloys 
increases until a critical solution temperature is exceeded. Above this temperature a large 
amount of liquid phase is formed due to interdendritic and grain boundary melting.
The appropriate solution time is determined by the diffusion rate of alloying elements and 
the morphology of the microstructure. The diffusion rate depends on the chemical 
composition of the phases to be dissolved at the solution temperature, and their 
morphology. However, structure morphology is influenced by the solidification rate, 
which varies throughout the casting and changes with the casting process.
For example, permanent mould castings solidify more rapidly than sand castings and 
contain smaller dendritic cells separated by finer, more closely spaced constituent phase 
particles. Finer particles dissolve sooner, and smaller dendritic cells and decreased 
separation between particles reduces diffusion distances. Consequently, permanent mould 
casting facilitates a shorter solution time.
The ASTM standard (B917M-01) recommends various T6 heat treatments for 319 and 
356 alloys, all with long solution treatment times. The heat treatment procedures are 
shown in the Table 2.6 [ASTM a].
16
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Table 2. 6. Typical heat treatment for 319 Al alloy sand and permanent mould castings.
Alloy
Temper
Solution heat treatment Aging heat treatment
Type of 
casting
Temperature Time Temperature Time
(°C) (hours) (°C) (hours)
319.0
T5 S(a) - - 205 8
T6
s 505 12 155 2-5
p(b) 505 4-12 155 2-5
2.2.1.3. Quenching
Solution Treatment is followed by the quenching operation. When the casting is cooled 
from the solution temperature, the solubility of the hardening elements decreases. Solutes 
are lost from the a-aluminum solid solution by precipitation and by diffusion to grain 
boundaries, processes that occur most rapidly between 260-400°C. Hence, rapid cooling 
or quenching is necessary to retain the high concentrations that were in equilibrium at the 
solution temperature, particularly near grain boundaries. Although rapid quenching 
increases the response to age hardening, it also creates residual stresses and distortion.
Most frequently, parts of a complex shape, often with both thin and thick sections (such 
as most castings, die forgings) are commonly quenched in a media that provides a 
somewhat slower cooling rate like boiling water from 65 to 80°C [ASTM b]. For 
maximum dimensional stability and to minimize the internal stress from quenching, some 
parts are air quenched (forced air).
The other alternative quenching media are compressed air and/or atomized water which 
would not only increase the cooling rate, but also allow for control of localized cooling 
rates in the casting. The experiments carried out by the IRC indicated that a combination 
of atomized water with high velocity compressed air was a primary contributor to 
improved properties after artificial aging. In addition, quenching directly to the artificial
17
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aging temperature (instead of to room temperature and subsequent artificial aging) 
minimized residual stress and will increase productivity [Byczynski 1993],
2.2.1.4. Age Hardening
The excess solutes that are supersaturated in a-aluminum will eventually precipitate, but 
this occurs slowly at room temperature. After days and weeks at room temperature, some 
alloys harden appreciably -  a process called natural aging. However, aging may be 
accelerated by heating the casting in the as-quenched condition to an intermediate 
temperature, a process called artificial aging.
After the initial stage of aging, the structure is said to be underaged. Increased time at the 
given temperature or by increasing the aging to a higher temperature further evolves the 
precipitate structure, and the hardness increases to a maximum, known as the peak 
hardness condition. Further aging decreases hardness, and the structure becomes 
overaged. Progression of the aging process also affects ductility. Ductility, while high in 
the as-quenched condition, reduces during hardening. In overaging, hardness loss permits 
more extensive deformation of the metal matrix to occur before fracture (i.e., ductility 
increases) [ASM Handbook b].
Changes in the precipitate structure stop when the castings are cooled back to room 
temperature. The structure will remain stable as long as the service temperature does not 
exceed the artificial aging temperature. Therefore, naturally aged castings are relatively 
unstable. Conversely, overaged castings have extended thermal stability because their 
microstructures were obtained at a higher aging temperature [ASM Handbook],
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2 .2 .2 . The Manufacturing Process of the Engine Block at the Ford and
Nemak Casting Plants
2.2.2.1. The Cosworth Low Pressure Precision Sand Casting Process
The Cosworth Precision Sand Casting Process (CPSCP), used at Nemak’s Windsor 
Aluminum Plant (WAP), at the Nemak Engineering Centre (NEC) and at the Ford Motor 
Company’s Cleveland Aluminum Casting Plant (CACP) is an automated method of 
quiescent metal filling into the sand mould (Figure 2.4). The CPSCP was developed in 
the 1970s as a casting process used to make highly specialized Formula One engine 
blocks in the UK. The virtues of the CPSCP over other non-quiescent mould filling 
casting techniques is that the yields are typically 85% better and that the castings are 10 
to 15% lighter.
The key elements of the Cosworth Low Pressure Precision Sand Casting Process are as 
follows:
Large holding furnace -  this stabilizes the condition of the molten aluminum, allowing all 
the impurities to separate. Heavy impurities settle to the bottom; lighter oxide particles 
float to the top and are removed. (Figure 2.5).
Continuous degassing -  low hydrogen levels are obtained by passing inert argon through 
the molten metal.
Radiant electrical heating -  this is employed to maintain the furnace temperature without 
causing convection currents which would interfere with the settling process.
Inert atmosphere -  an inert atmosphere is maintained above the molten metal to limit 
oxide growth (see Figure 2.5).
19
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Metal pump -  molten aluminum, taken from the cleanest middle layer of the melt, is 
lifted into the bottom-gated mould cavity using an electromagnetic pump. This process 
can minimize metal surface turbulence (see Figure 2.5). A feedback sensor/control 
system compares the actual level of the aluminum versus a pre-programmed value. This 
is highly controllable and repeatable, ensuring good process stability. The above key 
elements can minimize liquid metal damage.
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M ouid o n  
C a s tn c  S ta tio n
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Figure 2. 4. The Cosworth Low Pressure Precision Sand Casting Process [Kanicki 1994],
Roll-over -  the major disadvantage of a bottom -  gated mould (see Figure 2.6) is that the 
hottest metal (or the last metal into the mould) is located lower than the rest of the metal 
in the mould cavity. After the mould has been completely filled, the mould is rotated 180° 
about the mould/pump interface in the Roll-over process. This allows for the correct
20
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Figure 2. 5. Schematic of the holding furnace used in the Cosworth Low Pressure 
Precision Sand Casting Process [Byczynski 2002].
Zircon sand mould -  the Cosworth Process uses moulds made entirely of zircon sand, 
which result in high bulk density and thermal stability. The bulk density of the zircon 
sand core is very similar to that of liquid aluminum. This means that any internal cores 
within the mould will not be subjected to floatation forces; therefore it is not normally 
necessary to design castings with core plugs. Zircon cores will typically expand 80% less 
than conventional silica sand equivalents. This means that a large expansion clearance for 
core locations is not required, yielding castings, which have exceptional dimensional 
tolerances [Kanicki 1994],
21
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Figure 2. 6. Simplified schematic of a casting (internal cores are not shown) [Byczynski 
2002]
2 .22 .2 . H eat Treatment Process
The Thermal Sand Removal (TSR) process combined with the solution treatment process 
then followed by water quenching and artificial aging is currently used for the W319 
alloy casting. The solution treatment combined with TSR is carried out at 495°C for 
5 hours. This temperature was optimized by Byczynski et al in order to avoid detrimental 
incipient melting of AlCuMgSi rich phases [Byczynski 1995a, 1995b & 1993]. 
Additionally, the duration of ST is much shorter in comparison to the ASTM standard 
recommended ST process [ASTM a]. However, the foundry continues to look for ways to 
shorten the solution treatment time in order to save both energy and costs. Shivkumar 
[Shivkumar 1991] et al suggests that chemical modification with Sr has a significant 
effect on the mechanical properties of the 319 alloy in a very short period of time. 
However, it was also indicated that an increase in the porosity is associated with 
strontium modification. The NSTS process, which has been developed by the IRC,
22
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considerably reduces the duration of the solution treatment, and no similar process has 
been found in the literature to date. The thermal analysis technique plays an important 
role in the study of the NSTS process for this thesis.
2.3 . T h e r m a l  A n a ly sis  (TA)
The structure and mechanical properties of an Al-Si alloy casting component are 
determined by the structure developed during the solidification and heat treatment 
processes. It will be practical to be able to predict on-line the as cast structure without 
resorting to metallographic analysis and mechanical testing. Thermal analysis is the most 
widely used technique for providing information on the solidification characteristics of an 
aluminium alloy [Shull 1993].
In the foundry, a need for improvement of product quality arises, which in practice means 
that better control over production parameters is required. By the turn of the 20th century, 
thermal analysis had been recognized as a useful tool for determination of phase 
diagrams. Since then, the cooling curve methods have been developed including 
Differential Thermal Analysis and Thermo Gravimetry.
The cooling curve method is a fundamental method, which involves one or a few 
thermocouples connected to a recording instrument, and subsequently placed into the 
molten test sample. The temperature changes vs. time are recorded during the 
solidification process. In this thesis, one thermocouple is placed in the centre of the test 
sample to record the experimental data.
Differential Thermal Analysis (DTA) uses temperature difference between an inert 
reference sample and a test sample. The analysis is normally performed in a furnace, with 
a programmed cooling rate. DTA is a sensitive procedure, and well suited for 
determination of latent heat and specific heat. The Differential Scanning Calorimeter 
(DSC) uses two separately controlled furnaces to force the temperatures to be equal
23
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instead of recording a difference between the samples. In this case the energy 
consumption difference is recorded, which can be directly used for heat calculations. 
However, the small sample size prevents both metallurgical and mechanical analysis. 
Also, the closed design of the instrument, and the need for perfect thermal balance in the 
system, makes it not useful for rapid tests of melt batches in foundries and in production 
plants. Overall, the cooling curve method has potential applications in both laboratory 
and foundry environments because of its simple setup.
2.3.1. The Basic Concept of Thermal Analysis
When a sample of molten alloy is allowed to solidify in a mould with a temperature 
sensor, the change of temperature versus time can be recorded in the form of a cooling 
curve. Figure 2.7 shows the cooling curve for the 319 Al alloy [Kierkus 1999a]. There are 
three thermal arrests on the curve.
The alloy does not start to solidify immediately at the equilibrium freezing temperature 
because no effective nuclei are present. Some undercooling is needed to supply the 
driving force for the nucleation and growth of a-aluminum crystals, which will develop 
into dendrites. Latent heat evolves and causes the temperature of the surrounding melt to 
rise (the first thermal arrest region). With sample cooling, the dendrites continue 
growing. The sample is now in the second phase region (dendrites + liquid). Meanwhile, 
the silicon concentration becomes enriched in the interdendritic network. When the 
composition in the remaining liquid reaches the eutectic composition, the eutectic phases 
start to precipitate. The liquid phase transforms into Al-Si+Al-Fe-Si eutectic phases at a 
constant temperature (the second thermal arrest region). At the third thermal arrest 
region, the low temperature eutectic phases Al-Si+Al-Cu+Al-Mg-Cu-Si start to 
precipitate. Following this reaction, the casting has fully solidified and its temperature 
decreases continuously with time.
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Figure 2. 7. The 319 alloy Temperature vs. Time with the First Derivative Curve; 
1- Nucleation of the Al Dendrite Network -  598.7°C; 2- Nucleation of the Al-Si Eutectic 
-  565.8°C; 3- Nucleation of the Cu Enriched Phases -  498.8°C [Kierkus 1999a].
2.2.3. The Universal Metallurgical Simulator and Analyzer (UMSA)
The Universal Metallurgical Simulator and Analyzer (UMSA) is a test instrument, which 
was developed and patented under PCT/CA02/01903, Canada, 2002 by scientists from 
the University of Windsor and the Silesian University of Technology [Kasprzak 2000]. 
This instrument can perform rapid metallurgical simulations on macro scale test samples. 
It can experimentally vary processing conditions and continuously quantify the effects of 
these changes on microscopic characteristics and metallurgical properties of the sample 
[Kasprzak 2002a, 2002c & 2002e].
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UMSA combines the capabilities of several “conventional” instruments (i.e. a melting 
station, heat treatment furnaces, a quenching apparatus and thermal analysis functions) 
into a single set-up process. UMSA can simulate a variety of industrial metal casting and 
heat treatment processes to assess the effects of variables like temperature and time, as 
well as heating and cooling rates on microstructural and mechanical properties of an 
alloy. It also performs thermal analysis by recording and analyzing the “Energy 
Signature” of a test sample with a high degree of accuracy and repeatability. 
Experimental data allows one to evaluate physical properties of a material such as the 
specific heat, total heat of phase transformation; the heat of a step change in power input 
heat source and a wide variety of cooling media guarantees the fastest temperature 
response of the test sample. The simulation capabilities and the test sample size allow for 
application of the UMSA analysis results directly to full size components [Kasprzak 
2002a, 2002c & 2002e],
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CHAPTER 3. EXPERIMENTAL PROCEDURES
3.1 . P r e pa r a t io n  o f  T e st  Sa m pl es
3.1.1. Test Sample (Type II for UMSA Thermal Analysis and Heat 
Treatment Simulations
Thermal analysis, heat treatment simulations, metal matrix microhardness measurements, 
and microstructure observations were done using the UMSA test sample (Type I) with a 
diameter of <|) = 14mm and a length of 1 = 18mm. The test sample contained a predrilled 
hole having a diameter of <|) = 1.5 mm in the centre for the thermocouple housing (see 
Figure 3.1). The average mass of the test sample (Type I) was 7.5 ±0.2g. All of the test 
samples were machined from an unmodified W319 aluminum alloy, supplied by the 
Windsor Aluminum Plant (WAP) in the form of 12.5kg ingots. The chemical 
composition of the alloy was determined using an Optical Emission Spectrometer (OES) 






Figure 3. 1. UMSA Test sample (Type I), a) Macrograph of the test sample (Type I). 
b) Schematic drawing with the dimensions (mm) of the test sample (Type I).
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Table 3.1. Chemical composition of the investigated W319 aluminum alloy.
Average Composition, wt%
Alloy Type Si Cu Fe Mg Mn Zn Ti Ni Sr
W319 7.44 3.59 0.39 0.27 0.23 0.12 0.14 0.0201 0.0017
3.1.2. UMSA Test Sample (Type III for Tensile Testing
The selected heat treatment processes were performed prior to tensile testing using the 
UMSA test sample having a diameter of ()> = 40.6 mm and a length of 1 = 130 mm. The 
test sample contained a predrilled hole having a diameter of (]> = 2.5 mm in the centre of 
the thermocouple housing (see Figure 3.2a). The average mass of the test sample (Type 
II) was 620±15g. The sample was designated as the UMSA test sample (Type II) 
(see Figure 3.2).
a) b)
-060 .0  -
Figure 3. 2. Test sample (Type II). a) Macrograph of the test sample (Type II). 
b) Schematic drawing with dimensions (mm) of the UMSA test sample (Type II).
Since the Novel Solution Treatment during the Solidification (NSTS) process combines 
the solidification process and the solution treatment into one single operation, the 
standard approach of casting tensile test bars by using the test bar mould cannot be used.
28
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
For this reason, a novel method for preparation of test bars was developed IRC. It is now 
possible to analyze the mechanical properties of the alloy subjected to the NSTS process 
[Kasprzak 2002a, 2002b, 2002c & 2002e]. The method of preparation of the test bars is 
briefly summarized in the following section.
10kg of unmodified W319 alloy was melted in an electric resistance furnace (PSH 
KILNS). The metal was degassed at 750°C using a Rotary Degassing Unit (Foseco 
Mobile Degassing Unit) for a period of 20 minutes with a graphite impeller rotating at 
150rpm. The hydrogen concentration measured by the ALSCAN unit was approximately 
0.08 ml per lOOg Al. After solidification was completed, the ingot was sectioned, visually 
inspected and sent for machining (see Figure 3.3).
Figure 3. 3. Schematic drawing of the re-melted and degassed W319 alloy ingot prior to 
machining of the UMSA test sample (Type II).
Four (4) UMSA test samples (Type II) were machined from each re-melted and degassed 
ingot prior to heat treatment (see Figure 3.3.). After the heat treatment process was 
completed, the four (4) tensile test bars were machined from the UMSA test sample 





4) ~ 180 mm
~ 200 mm
Location of the test 
sample (Type II)
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Appendix D). In the early stage of experiments, the test bars feeding conditions was not 
optimised. Therefore, the test bars with porosity that exceeded a grading of higher than 
S2 were not considered for further testing. Please note, according to the Nemak WAP 
engineering specifications, an acceptable level of porosity in a casting component is in 
the range of S1-S3.
Riser
Work piece.
0 6 0 . Q
The location of the tensile 
test bars
Figure 3. 4. Schematic drawing of the location of the tensile test bars machined from the 
UMSA test sample (Type II) after the heat treatment operations.
3.2. UMSA T h e r m a l  A n a ly sis  a n d  H ea t  T r e a t m e n t  S im u l a t io n s
The advanced thermal analysis and heat treatment simulations were performed using the 
Universal Metallurgical Simulator and Analyzer (UMSA) (1KW power output) 
(see Figure 3.5) [Kasprzak 2002e], This instrument is designed for physical simulation of 
the thermal processes of various engineering materials. UMSA advanced thermal analysis 
(TA) was performed in order to identify the characteristic temperature of the
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metallurgical reactions during the heating and cooling of the test sample. Thermal 
Analysis of the W319 alloy was conducted by heating the test sample (Type I) to 
750±0.5°C and by solidifying it under UMSA controlled conditions. The Temperature vs. 
Time curves, as well as the First Derivative dT/dt curves were analyzed (see Figures B l- 
B40 in Appendix B). The baseline curve and the fraction solid were calculated using the 
IRC procedure [Kierkus 1999a & 1999b]. Moreover, thermal analysis was used to 
quantify the effectiveness of the NSTS process by analyzing the “Energy Signature” of 
the Cu enriched phases during the cooling from the NSTS temperatures used in this study 
[Kierkus 1999a], The thermal analysis data was collected using a high-speed National 





Figure 3. 5. Photograph of the UMSA (1KW power output), (Patent PCT/CA02/01903) 
[Kasprzak 2002e].
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Prior to heat treatment simulations, each UMSA test sample (Type I) was subjected to 
thermal analysis in order to detect any apparent changes in the shape of the First 
Derivative dT/dt vs. the Temperature curve. This would help to eliminate the test 
samples, whose chemical composition did not meet WAP’s specifications. Detailed 
results are presented in Appendix B.
The NSTS process was performed at temperatures of 500, 510, 520, 530 and 540°C for 
30, 60, 120 and 240 minutes, followed by air quenching at a cooling rate of 
approximately 1.0°C/s (calculated between 500°C and 200°C). After the NSTS process, 
all of the test samples were naturally aged for a period of two weeks at room temperature 
(see Figure 3.6a). Based on a previous study [Sun 1995], it was found that two weeks of 
natural aging significantly increases the mechanical properties of as quenching material 
and relatively stabilizes the matrix microhardness. Natural aging for this specific period 
of time created the basis for comparison between the mechanical properties of the test 
specimens as influenced by the time and temperature of the NSTS process. For 
comparison purposes, the W319 alloy test samples were also subjected to conventional 
solution treatment (CST) at temperatures of 500, 510, 520, 530 and 540°C, for 30, 60, 
120 and 240 minutes, followed by air quenching at a cooling rate of approximately 
1.0°C/s (calculated between 500°C and 200°C) followed by 2 weeks of natural aging 
(NA) (see Figure 3.6b). The incipient melting for the CST was purposely exceeded for 
the following temperatures 520, 530 and 540°C, in order to create conditions similar to 
the NSTS process. This provided the basis for the direct comparison of the effectiveness 
of both heat treatment processes. The heating rate to the solution temperature for the 
conventional heat treatment process was deliberately slow, i.e., 0.2°C/s in order to 
dissolve a considerable amount of Cu enriched phases before reaching the solution 
temperature. The heating rate used in this study corresponded to that used in industry 
(B & W, Kitchener, ON). Moreover this helped to dissolve the Cu enriched phases rather 
than melting them when the incipient melting temperature was exceeded [Byczynski 
1993 & 1995b].
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Selected NSTS and CST processes (which have a short heat treatment duration, as well as 
provide high matrix microhardness to the W319 alloy) were used to heat treat the UMSA 
test samples (Type II), which were then used for tensile testing. It was decided to narrow 
down the number of heat treatment experiments by choosing only the optimum 
conditions (i.e. 510°C for 30 minutes for NSTS and CST processes). These parameters 
were taken based on the matrix microhardness measurements performed for the UMSA 
test sample (Type I).
The pre-machined UMSA test sample (Type II) from the degassed W319 alloy ingot was 
re-melted in the UMSA (7.5KW power output) unit and solidified under UMSA 
controlled conditions. The design of the test sample crucible and the specific 
solidification conditions determined the structure with a controlled level of porosity. Test 
samples were then subjected to the selected NSTS and CST processes at 510°C for 30 





Figure 3. 6. Schematic diagrams of the thermal cycles performed for the investigated 
W319 alloy. Arrows present changes in the temperature and time of the processes, a) The 
NSTS process followed by 2 weeks of natural aging, b) Solidification followed by 
conventional solution treatment and by 2 weeks of natural aging.
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Computer Test Sample Chamber
Power Supply
Cooling System
Figure 3. 7. Photograph of the UMSA (7.5KW output power) with the experimental 
setup, (Patent PCT/CA02/01903) [Kasprzak 2002e].
3.2.1. Preparation and Calibration of Thermocouples
The thermocouples used for thermal analysis were K-type Low Mass Thermocouples 
(LMT), designed and manufactured in the IRC lab. These types of thermocouples are 
characterized by very low thermal inertia, a time constant and a maximum working 
temperature of 1260°C.
The thermocouples were assembled using Omegatite® ceramic, 6 inches in length, 
chromel/alumel thermocouple wires <j) = 0.125mm in diameter. The wires were welded 
using a covered electric arc, and were protected from the molten aluminum alloy by 
covering the tip with OMEGA® high temperature cement.
Thermocouples were individually calibrated [Francis 2000], in order to eliminate any bias 
in temperature measurement. Calibration was performed using the Carbolite® furnace 
(Model EUROTHERM 902P). The RTD probe was calibrated at an International
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Standards Organization certified laboratory (ISO-10012) (the calibration data is outlined 
in Appendix A). The average error in temperature measured in the range of 300-750°C 
was +/-2°C. Figure 3.8 shows the plot of the RTD probe versus the Low Mass 
Thermocouples (LMT) (see Figure 3.8). This calibration data has been incorporated into 
the UMSA’s Data Acquisition System (DAS).
750
y = 1.00167920X - 2.86823486 
R2 = 0.9999
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Figure 3. 8. Calibration chart for the Low Mass Thermocouple (LMT).
3.3 . M e ta l l o g r a ph ic  Sa m pl e  P r e pa r a tio n  a n d  St r u c t u r e  
O b se r v a t io n s
UMSA test samples (Type I) used for metallographic observations, image analysis (IA) 
and matrix microhardness measurements, were ground with abrasive paper and polished
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using the automated BUEHLER equipment. The final polishing was carried out using 
commercial 0.05|im slurry.
The test samples (Type I) were analyzed under the Light Optical Microscope (LOM) 
(Leica Q550IW). A Leica 550 DMR image analysis system was used to quantify the Si 
phase of a selected test sample (Type I) at a magnification of 200x. Leica QWin software 
with an analytical procedure developed by the IRC [Djurdjevic 2001] was used to 
evaluate the modification level of the Si particles. Twenty-five (25) measurements were 
taken for the UMSA test sample (Type I). The average value and standard deviation were 
calculated.
Additional metallographic observations were made using a JEOL JSM 5800 Scanning 
Electron Microscope (SEM) in the Back Scattered Electron (BSE) and Secondary 
Electron (SE) mode under magnifications varying from 100 to 2000x. The Qualitative 
and Quantitative Energy Dispersive X-ray Microanalysis of the selected W319 structural 
constituents was done using the Noran EDX Spectrometer.
The Cu enriched phases were analyzed using SEM under lOOx magnification. SEM was 
used instead of LOM to achieve a higher resolution and better contrast of the Cu enriched 
phases. The twenty-five (25) images from each sample were recorded, and analyzed by 
using the Leica QWin image analysis program. The Area Fraction of the Cu enriched 
phases and the morphology in each test sample was measured. The mean value of Area 
Fraction and the standard deviation were calculated.
SEM/BSE fracture observation of the tensile test bars was conducted under a 
magnification varying from 20X to 1000X, to identify the type of fracture as well as the 
Cu enriched phases morphology and the distribution of various structural constituents.
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3.4 . M e c h a n ic a l  T e stin g
3.4.1. Metal Matrix Microhardness Measurements
The metal matrix Vickers microhardness was measured using a BUEHLER 
microhardness tester under a 25g load for 15s (HV25). Twenty (20) measurements were 
taken per sample and the mean value of the metal matrix microhardness was determined. 
Microhardness measurements were performed after two weeks so that the material could 
naturally age. For each test sample (Type I) 20 indentations were made in 2 straight lines 
along an 12 mm length of sample at 1mm intervals (see Figure 3.9). The average value 
and the standard deviation were calculated. Matrix microhardness measurements were 
chosen instead of overall macrohardness measurements in order to evaluate the 
dissolution of Cu enriched phases and other structural constituents on the metal matrix 
strengthening effect. The Homogeneity Coefficient (HC) of the test samples (Type I) 
after conducting both the NSTS and CST processes was also determined by using the 
following equation [Sokolowski 1995],
HC  = Equation (1)
(■Sj
(Sa)2 -  Standard deviation of the matrix microhardness measurements of the W 319 alloy 
test samples subjected to the NSTS/CST process followed by two weeks of 
natural aging,
(SR)2 - Standard deviation of the matrix microhardness measurements of a reference 
sample,
HC - Homogeneity coefficient.
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The reference sample in this work was subjected to the two-step solution treatment at 
495°C/20hrs and 540°C/2hrs., and then water quenched. The standard deviation of the 
microhardness of this sample was ±1.67, and this is considered to be the “ideal 






Figure 3. 9. Schematic drawing of the Metal matrix microhardness performed on the 
W319 alloy test sample (Type I).
3.4.2. Tensile Testing
The tensile testing was conducted in the IRC’s laboratory and in the CANMET Materials 
Technology Laboratory in Ottawa following the procedure described in the ASTM 
standard [ASTM b]. The tensile test bars were machined from the UMSA test sample 
(see Figure 3.10). The testing was performed at room temperature using an Instron 8500 
Automated Testing System and an Instron 8801 Servo-Hydraulic Testing System at a rate 
of 4 data points/second and with a strain rate of 4xl0'4m/min. A strain gauge 
extensometer was attached to the test bar for measuring sample elongation. For each heat 
treatment condition, three (3) tensile test bars were analyzed, and the average value of 
Yield Strength (YS) (0.2% offset)*, Ultimate Tensile Strength (UTS) and Elongation 
[ASTM b] together with standard deviation were calculated.
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Figure 3. 10. Schematic drawing of the tensile test bar machined from the UMSA test 
sample (mm) (Type II) prior to tensile testing (ASTM Standard, B557M-94) [ASTM b].
According to the ASTM standard, the Yield Strength was determined by using the 
offset method of 0.2%.
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CHAPTER 4. RESULTS & DISCUSSIONS
4.1 . M e ta l l u r g ic a l  C h a r a c te r iza t io n  o f  t h e  W 319 A l l o y  in  th e  
A s -c a st  Co n d it io n
4.1.1. Advanced Thermal Analysis
The advanced thermal analysis (TA) technique was used to detect the characteristic 
temperatures of the metallurgical reactions of the W319 alloy test samples during the 
heating and cooling cycles. The results obtained based on the analysis of the Temperature 
vs. Time curves as well as on the First Derivative dT/dt vs. Temperature curves (see 
Figure 4.1) are presented in Tables 4.1 and 4.2. Moreover, the Fraction Solid calculations 
(see Figure 4.3) are also presented in Table 4.2. The heating and cooling rates obtained 
during the experiments, were calculated using Equation (2), and were approximately
0.75°C/s for the cooling cycle and approximately 1.2°C/s for the heating cycle.
Two (2) characteristic temperatures of metallurgical reactions are of primary importance 
with respect to heat treatment (HT). First -  the beginning of the dissolution of the Cu 
enriched phases (Figure 4.1 Reaction 1) is traditionally considered the maximum 
temperature, which cannot be exceeded during the single step solution treatment. When it 
is exceeded, the so-called incipient melting takes place and this is detrimental to the 
mechanical properties of the heat-treated components [Sigworth 1983, Sokolowski 1997]. 
Second -  the beginning of the nucleation of the Cu enriched phases during the 
solidification process (Figure 4.1b, Reaction 6), is of primary importance in optimizing 
the temperature of the NSTS process.
average
where, C R average -  average cooling rate, °C/s, 
T; - liquidus temperature, °C,
Equation (2)
t?-t/ - time between T; and TJ? 
T, - solidus temperature, °C.
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Figure 4. 1. UMSA thermal analysis results for the investigated W319 alloy obtained 
during the heating and cooling cycles, a) Temperature vs. Time curve, b) The First 
Derivative vs. Temperature curve. Note the following metallurgical reactions: 
1-beginning of the alloy melting process, i.e., 505.6°C (incipient melting - pointed out 
by a black arrow; lA-end of dissolution of Cu enriched phases, i.e., 521.6°C- pointed out 
by a grey arrow; 2-end of the alloy melting process; 3 - beginning of the nucleation of the 
A1 dendrite network; 598.9°C; 4 -  dendrite coherency point; 5 - beginning of the 
nucleation of the Al-Si eutectic, 565.1°C; 6-beginning of the nucleation of the Cu 
enriched phases, 501.4°C; 7-end of the alloy solidification (solidus temperature), 
440.5+1.9.
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Figure 4. 2. Cooling curve and its First Derivative curve vs. Time with the “Base Line”. 
3 -  beginning of nucleation of the A1 dendrite network, i.e., liquidus temperature 
T;= 598.9°C; 5 -  beginning of nucleation of the Al-Si eutectic, 565.1°C; 6 -  beginning 
nucleation of Cu enriched phases, T Aicu,nu = 501.4 °C; 7 -  ending of solidification,
i.e., solidus temperature, T* =440.5°C.
Isothermal holding during solidification process performed at the nucleation temperature 
of the Cu enriched phases is believed to be the most efficient to dissolve Cu, Mg based 
phases in the aluminum metal matrix [Kasprzak 2002c & 2001],
A considerable difference exists between the solidus temperature derived from the 
heating cycle (beginning of alloy melting) and the solidus temperature derived from the 
cooling cycle (end of alloy melting). This difference increases when the cooling rate is 
not an equilibrium one (high cooling rates). For the aforementioned reasons, the 
temperature at the end of alloy solidification cannot be used as a precise value to set up 
the maximum temperature of the single step conventional solution treatment (see Figure
4.2, reaction 7). In this thesis, the temperature at the “beginning of the alloy melting"
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process was considered to be the maximum temperature that could not be exceeded 
during solution treatment (see Figure 4.1b reaction 2). Under slow heating rates to the 
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Figure 4. 3. First Derivative curve together with the Fraction Solid curve of the W319 
alloy test sample.




'o Thermal Characteristics Temperature, °CCL, Standard Dev.
1




End of the alloy 
melting process
620.7±1.1
* Please note that 25 measurements were conducted on 25 test samples.
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Thermal Characteristics Temperature, °C 
Standard Dev. Fraction Solid, %
3
Nucleation of a  A1 Dendrite 
Network (Liquidus 
Temperature) 598.9±0.8 0
4 Dendrite Coherency Point 595.9±1.1 11.9+0.8
5 Nucleation of Al-Si Eutectic 565.1±0.7 35.7±1.1
6
Nucleation of Cu Enriched 
Phases 501.4±1.4 93.9±2.3
7
End of the Alloys Solidification 
(Solidus Temperature) 440.5±10.9 100
* Please note that 25 measurements were conducted on 25 test samples.
4.1.2. Structure Characterization
4.1.2.1 Light Optical M icroscope (LOM) Observations
Light Optical Microscopy (LOM) observations of the as-cast sample showed an 
unmodified microstructure of the W319 alloy consisting of the a-aluminum dendrite 
network with Al-Si, Al-Cu eutectic and Fe enriched phases (Figure 4.4). The 
observations revealed that the Si particles were unmodified with characteristic coarse 
lamellar shape morphology (Figure 4.4b). Fe enriched phases were found in the form of 
“chinese script” (Figure 4.4b).
LOM observations combined with image analysis showed that average length and 
perimeter of the Si particles was approximately 13.4±11.8|im and 37.3±33.9pm, 
respectively. The roundness (A shape factor which gives a minimum value of unity for a
44
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circle. The calculation from the ratio of perimeter squared to area) [Djurdjevic 2001] is 
2.3+1.2. The corresponding American Foundry Society Modification Level (AFSML) 
[Djurdjevic 2001] was approximately 1.8±0.4. (For details, please see Table 4.3). Please 
note that the alloy used for the study had a residual Sr addition. The absence of chemical 
modification resulted in the coarse morphology of the Al-Si eutectic. For a given 
solidification rate, i.e., 0.75°C/s the Secondary Dendrite Arm Spacing (SDAS) was 
49.9±2.6|Jm









Value±Stdev. 37.3±33.9 13.4±11.8 2.3+1.3 7.2±1.2 1.84±0.4
a) b)
Figure 4. 4. Microstructure of the as-cast W319 alloy test sample under LOM. a) the 
low-magnification micrograph (50X); b) the high-magnification micrograph (200X); 
#1 -  Unmodified Al-Si eutectic particles with a coarse lamellar shape morphology; 
#2 -  Fe enriched phases in the form of Chinese-script; #3 -  Cu enriched phases.
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Figure 4. 5. SEM micrographs in the BSE mode of the W319 alloy in the as-cast 
condition and the corresponding X-ray microanalysis spectra for selected structural 
constituents, a) SEM/BSE image under 150X magnification; b) SEM/BSE image under 
500X magnification; c) EDX spectra from the Fe enriched phases #1; d) EDX spectra 
from Cu enriched phases #2; e) EDX spectra from the Mg enriched phases found inside 
of the Cu enriched phases #3; f) EDX spectra from the A1 metal matrix #4.
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SEM observations in the BSE mode of the as-cast structure of the W319 alloy identified 
the morphology of Cu enriched phases. Due to the complexity of the Al-Cu eutectic, the 
term Cu enriched phases was used. In the W319 alloy the Cu enriched phases have three 
main morphologies namely blocky, eutectic type and fine eutectic type (Figure 1.1), 
[Djurdjevic 2001]. Nucleation and dissolution temperatures of the Cu enriched phases 
depend on the chemistry as well as on the morphology. Moreover the Mg enriched phases 
(Mg2Si) were found inside the Al-Cu eutectic (Figure 4.5). The corresponding Energy 
Dispersive X-ray microanalysis spectra are presented in Figure 4.5. Due to the small 
dispersion of Mg based phases, they are very difficult to quantify using the image 
analysis technique. The analysis if performed would be very time consuming. For this 
reason the area fraction of the Mg based phases inside the Cu enriched phases was not 
evaluated. The exact effect of Mg on the strengthening mechanism of the aluminum 
matrix is unknown at this moment.
The image analysis performed for the SEM/BSE micrographs revealed that the area 
fraction of Cu enriched phases was approximately 1.99±1.9%. The relatively high 
standard deviation indicated high heterogeneous distribution of the Cu enriched phases 
(segregation). This would negatively affect the dissolution of these constituents during 
the heat treatment process and consequently would affect the mechanical properties of the 
investigated W319 alloy.
4.1.3. Mechanical Properties of the W319 Alloy in the As-Cast Condition
The matrix microhardness (HV25) of the W319 alloy in the as-cast condition was 
approximately 64.8±8.5. The high value of the standard deviation indicates the increased 
structure heterogeneity typical for as-cast materials. The calculated Homogeneity 
coefficient (HC) was approximately 24.8. The Ultimate Tensile Strength (UTS) and the 
Yield Stress (YS) were approximately 139.5±16.4MPa and 1392.2±13.8MPa, 
respectively (Figure 4.6). Low elongation was approximately 0.23±0.05% due to the 
unmodified microstructure. The detailed data are shown in Table 4.4.
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Figure 4. 6. Mechanical properties of the W319 alloy test sample in the as-cast condition.
4.2 . M e t a l l u r g ic a l  Ch a r a c te r iza t io n  o f  t h e  W 319 A f t e r  th e  
N ST S P r o c ess
4.2.1. Structure Characterization
4.2.1.1. Light Optical Microscope (LOM) Observations
LOM observations showed no evident changes in the Al-Si eutectic morphology for the 
W319 test samples subjected to the NSTS process at 510°C for 30 minutes (Figure 4.7a).
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a) NSTS process at 5 10°C for 30 minutes c) NSTS process at 540°C for 30 minutes
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b) NSTS process at 510°C for 240 minutes d) NSTS process at 540°C for 240 minutes
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Figure 4. 7.LOM microstructure of the W319 alloy under 200X magnification after the 
NSTS process at various conditions followed by two weeks of natural aging; a) NSTS 
process at 510°C for 30 minutes; b) NSTS process at 510°C for 240 minutes; c) NSTS 
process at 540°C for 30 minutes; d) NSTS process at 540°C for 240 minutes. Please note 
visible fragmentation (#1), as well as spheroidization (#2) and coarsening (#3) of the Si 
particles.
The NSTS process at 510°C for 240 minutes initiated the thermal modification of the Si 
particles visible as a fragmentation process (length of Si particles changed from 
9.69±6.5pm to 8.34±5.7(Jm after NSTS process at 510°C for 30 to 240 minutes) (Figure
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4.7b). Increasing the NSTS temperature to 540°C resulted in the spheroidization process 
followed by coarsening of Si particles observed for test samples subjected to the NSTS 
process at 540°C for 240 minutes (Figure 4.7c & d). The overall impression based on the 
LOM observations is that the modification level of Al-Si eutectic after the NSTS process 
is relatively low. This would not significantly improve the elongation of the W 319 alloy. 
Extending the NSTS process time would not be justified from the economic point of 
view. Increasing the cooling rate during casting solidification is rational and will result in 
a more fine morphology of the Al-Si eutectic. In turn Si particles will be more prone to 
thermal modification during further heat treatment processes and will result in increased 
mechanical properties (particularly elongation).
4.2.1.2. Scanning Electron M icroscope (SEM) Observations Combined 
with Image Analysis
Image analysis work carried out on the SEM/BSE images showed that by increasing the 
NSTS temperature from 500°C for 30 minutes to 520°C for 240 minutes the Area 
Fraction of the Cu enriched phases decreases from about 1.6±0.69 to 0.6±0.27%. The 
NSTS at 530 and 540°C caused an increase in the area fraction of the Cu enriched phases 
to approximately 0.8±0.26% and 0.9±0.46%, respectively (Figure 4.8). Increasing the 
NSTS time from 30 to 240 minutes for all investigated temperatures decreased the Area 
Fraction of the Cu enriched phases when compared with the as-cast material. Since 
during the solidification process, the temperature is too high in comparison with the 
temperature of nucleation of the Cu enriched phase, the Cu enriched phase dissolution is 
less visible at 540°C when increasing the NSTS time from 30 to 240 minutes (Figure 
4.8).
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Temperature of the NSTS process,°C
Figure 4. 8. The Area fraction of Cu enriched phases (%) of the W319 alloy test samples 
subjected to the NSTS process from 500 to 540°C for 30 to 240 minutes followed by two 
weeks of natural aging. The area fraction of Cu enriched phases of the as-cast material is 
included as a reference.
a) NSTS at 5 10°C for 30 minutes b) Enlargement of the circled area in a)
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Figure 4.9. SEM micrograph in the BSE mode of the W319 alloy test sample subjected 
to the NSTS process at 510°C for 30 minutes and the corresponding X-ray micrograph 
spectra for selected structural constituents; a) SEM/BSE image under 150X 
magnification; b) Enlargement from the circled part of Figure 4.7a) under 500X;
c) SEM/BSE image under 500X magnification; d) EDX spectra from the Cu enriched 
phases #; d) EDX spectra from the Fe enriched phases #2; e) EDX spectra from the Mg 
enriched phases inside the Cu enriched phases #3; f) EDX spectra of the metal matrix #4;
g) EDX spectra of the Cu enriched phases #5.
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Figure 4.10. SEM micrograph in the BSE mode of the W319 alloy test sample subjected 
to the NSTS process at 510°C for 60 minutes and the corresponding X-ray micrograph 
spectra for selected structural constituents a) SEM/BSE image under 150X magnification; 
b) Enlargement of the circled part of Figure 4.8a) (500X); c) EDX spectra of the Cu 
enriched phases #1; d) EDX spectra of the Mg enriched phases inside the Cu enriched 
phases #2; e) EDX spectra of the Fe enriched phases #3 f) EDX spectra of the metal 
matrix #4.
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Figure 4.11. SEM micrograph in the BSE mode of the W319 alloy test sample subjected 
to the NSTS process at 520°C for 60 minutes and the corresponding X-ray micrograph 
spectra for selected structural constituents; a) the SEM/BSE image under 150X 
magnification; b) Enlargement of the circled area in Figure 4.9a) (500X); c) EDX spectra 
from the Cu enriched phases #1; d) EDX spectra of the Mg enriched phases inside the Cu 
enriched phases #2; e) EDX spectra of the Fe enriched phase #3; f) EDX spectra of the 
Cu enriched phases #4; g) EDX spectra from the Cu enriched phases #5; h) EDX spectra 
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Temperature of the NSTS process, °C
As-Cast
Figure 4. 12. Area Fraction (AF) of the Cu enriched phases (%) in the W319 alloy test 
samples subjected to the NSTS process from 500 to 540°C for 30, 60 and 240 minutes. 
The Area Fraction of the Cu enriched phases of the as-cast material is included as a 
reference.
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a) NSTS at 510°C for 30 minutes. 
AF=0.84±0.58%
c) NSTS at 540°C for 30 minutes. 
AF=0.91±0.44%
e) As- cast condition. AF=1.99±0.62%
b) NSTS at 510°C for 240 minutes. 
AF=0.44±0.36%
d) NSTS at 540°C for 240 minutes. 
AF=0.76±0.43%
f)
Time, m inutes T em pera tu re  of 
th e  NSTS proces 
(°C)
Figure 4.13. SEM/BSE images under 100X magnification of the W319 alloy test samples 
subjected to the NSTS process under various conditions with the corresponding Area 
Fraction of Cu enriched phases (bright white); a) NSTS process at 510°C for 30 minutes; 
b) NSTS process at 510°C for 240 minutes; c) NSTS process at 540°C for 30 minutes; e) 
NSTS process at 540°C for 240 minutes; f) Summary of the Area Fraction measurements.
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Based on these studies, it was determined that the minimum Area Fraction (AF) of the Cu 
enriched phases was found to be 0.21% after the NSTS process at 520°C for 240 minutes. 
This means that approximately 1.78% of the Cu enriched phases went into the solid 
solution (Figure 4.12). The remaining 0.21%, due to the limited solid solubility, at a 
given temperature (i.e. 520°C) could not be dissolved into the aluminum matrix.
Image analyses results indicate that 520°C is the optimum temperature for the NSTS 
process with respect to the dissolution of Cu enriched phases. This temperature is 
approximately 20°C higher than the nucleation temperature of the Cu enriched phases 
(501.4°C) during the solidification process (based on the thermal analysis). It is believed 
that the dissolution rate of the Cu enriched phases depends on how close the NSTS 
temperature was to the nucleation temperature of the Cu enriched phases during the 
solidification process. Moreover, the dissolution rate depends on the solid solubility 
limits of Cu and Mg at a given temperature and the ability to retain certain concentrations 
of alloying elements in the A1 matrix during further quenching operations. Moreover, the 
statistical analysis (Table 4.6) showed no significant difference between the area fraction 
of the Cu enriched phases after the NSTS process at 510 and 520°C for identical 
processing times. The changes in the area fraction of the Cu enriched phases in the as- 
cast condition and after the NSTS process at 510 and 540°C for 30 and 240 minutes were 
clearly visible under the SEM microscope in the BSE mode (Figure 4.13).
4.2.2. Mechanical Properties of the W319 Alloy Subjected to the NSTS 
Process
4.2.2.1. M etal Matrix Microhardness (HV25)
The metal matrix microhardness measurements showed that the NSTS process increased 
the matrix microhardness of the A1 matrix approximately 2 twice as compared to the as- 
cast material (HV25=64.5±6.5), (Figure 4.14). Maximum matrix microhardness
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(approximately 115±3.7 HV25) was obtained after the W319 alloy test samples were 
subjected to the NSTS process at 510°C for 240 minutes (Figure 4.15e,). Increasing the 
NSTS temperature to 540°C decreased the matrix microhardness from 115±3.7 to 
108±3.9 (HV25). Increasing the time of the NSTS process from 30 to 240 minutes 
increased the matrix microhardness for all experimental conditions (Figure 4.15). The 
detailed data are shown in Table 4.1. Statistical analysis (Table 4.6) confirmed that there 
is no significant difference between matrix microhardness after the NSTS at 510°C for 30 
minutes and 240 minutes (Table 4.2).
Time, minutes
Temperaure of the NSTS process, °C
Figure 4.14. Metal matrix microhardness (HV25) of the W319 alloy test samples after 
the NSTS process at 500 to 540°C for 30 to 240 minutes. The as-cast condition is 
included as a reference.
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Table 4.5. The mean value of the matrix microhardness (HV25) with the standard 
deviation for the W319 alloy test samples after the NSTS process at 500 to 540°C for 30 
to 240 minutes.
' '\T e m p .(°  C) 
Time, mins
500 510 520 530 540
HV25 Stdev HV25 Stdev HV25 Stdev HV25 Stdev HV25 Stdev
30 103.6 5.8 112.0 4.4 107.7 3.7 105.9 2.9 104.0 6.3
60 104.3 3.2 113.4 4.3 110.6 3.6 106.4 3.3 104.9 4.1
120 111.6 5.0 114.3 4.5 113.6 1.9 107.7 3.1 105.5 2.9
240 115.4 2.4 115.5 3.7 115.0 2.2 114.0 1.9 108.3 3.9
For the NSTS temperature at 510°C, increasing the time 8 times, (i.e., from 30 to 240 
minutes) increased the matrix microhardness by only 2% (Figure 4.15b). This 
automatically raises the question of how “expensive” a 2% increase in the matrix 
microhardness would be. For this reason, it was decided to consider the NSTS process at 
510°C for 30 minutes as an optimum condition, which gives sufficient dissolution of the 
Cu enriched phases obtained during a very short time and which in turn gives a relatively 
high metal matrix microhardness. An NSTS process time longer than 30 minutes is not 
justified from the economic point of view because it would significantly increase the cost 
of heat treatment. It would be reasonable to consider an NSTS time of 60, 120 or even 
240 minutes as an optimum time if it would be possible to thermally modify the Al-Si 
eutectic and in turn increase the elongation of the W319 alloy. Unfortunately, the image 
analysis work pointed out low thermal modification of the Al-Si eutectic even after 240 
minutes of the NSTS temperature at 510°C (Figure 4.7).
Statistical regression analysis showed a good correlation (R2=0.823) between the matrix 
microhardness and the Temperature and Time of the NSTS process (Equation 3). Based 
on this equation the matrix microhardness can be predicted for the given experimental 
conditions.
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Figure 4.15. Matrix microhardness (HV25) with the corresponding standard deviation of 
the W319 alloy test samples after the NSTS process from 30 to 240 minutes at a 
temperature of a) 500°C, b) 510°C, c) 520°C, d) 530°C, e) 540°C.
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Table 4.6. Analysis of statistical significance of the metal matrix microhardness of the 
W319 test samples subjected to NSTS from 500 to 540°C for 30 to 240 minutes. (Y- the 
difference between the two conditions is significant; N-the difference between the two 
conditions is not significant).
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HV25 = 64.8608 + 0.29971 + 0.2211T -  0.000It2 -  0.0006T2 -  0.0005fT Equation (3)
where, t - time of NSTS process, minutes 
T -temperature of NSTS process, °C 
R2 = 0.823 (R - Correlation coefficient).
Changes in the matrix microhardness after the NSTS process correspond to the Area 
Fraction of the Cu enriched phases (Figure 4.16). The Cu and Mg are primary solid 
solution strengthening agents in the 3xxx aluminum series of alloys. The dissolution of 
the Cu enriched phases during the NSTS process increased the concentration of Cu and
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other alloying elements (Mg, Si) in the aluminum matrix. During the natural aging 
process, Cu and Mg based intermetallic precipitates increased the overall matrix strength 
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Temperature of the NSTS process, °C
Figure 4.16. Comparison of the Area Fraction of the Cu enriched phases and the matrix 
microhardness after the NSTS process from 500 to 540°C for a) 30 minutes, b) 60 
minutes, c) 120 minutes, d) 240 minutes. The as-cast condition is included as a reference.
An inconsistency was found between the Area Fraction of the Cu enriched phases 
measured by image analysis and the matrix microhardness measurements. The minimum 
value of the Cu enriched phases corresponds to the NSTS temperature of 520°C and the 
maximum matrix microhardness for the samples subjected to the NSTS process was 
found to be 510°C (Figure 4.16).
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Figure 4.17. Matrix microhardness (HV25) and Area Fraction (AF) of the Cu enriched 
phases of the W319 alloy test samples subjected to the NSTS process from 500 to 540 °C 
for 30 to 240 minutes; a) Matrix microhardness; b) Area Fraction (AF) of the Cu enriched 
phases. The standard deviation is provided in Table 4.6.
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The dissolution of the Cu enriched phases is the driving force for an increase in the 
matrix microhardness by the so-called solid solution strengthening effect and 
precipitation strengthening effect. The maximum matrix microhardness temperature has 
to correspond to the minimum NSTS temperature for the Area Fraction of the Cu 
enriched phases. Under this assumption under the ideal conditions, the peak value of the 
matrix microhardness would be 520°C instead of 510°C. To explain the inconsistency in 
temperatures, the exact effect of the dissolution of Mg based phases on the metal matrix 
strengthening effect must to be evaluated. Due to the small dispersion of Mg based 
phases and the difficulties with their quantification, this effect was not considered. It is 
believed that the strengthening effect caused by the dissolution of Mg in the metal matrix 
followed by further precipitation of the Mg based phases during NA shifted the 
microhardness peak to 5 10°C instead of 520°C.
Moreover, the analysis showed that the NSTS process between 510°C and 530°C for 30 
and 60 minutes provided the optimum combination of high matrix microhardness and the 
corresponding lower Area Fraction of Cu enriched phases (Figure 4.17).
4.2.2.2. Tensile Testing
The tensile test analysis for the test samples subjected to the NSTS process at 510°C for 
30 minutes followed by two weeks of natural aging showed an increase in UTS to 
approximately 202.1±9.1MPa when compared with the as cast condition 
(i.e., 139.5±16.4MPa) (Figure 4.18). Moreover, the UTS could be increased to 
239.7±16.5MPa when the natural aging was replaced by artificial aging at 200°C for 2 
hours. Elongation of the tensile test bars after the NSTS process at 510°C for 30 minutes 
followed by NA and AA was found to be below 1%. This result indicates a low ductility
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in the W319 alloy mostly caused by low modification level of the Al-Si eutectic. Some 











Figure 4.18. Tensile properties of the W319 alloy test samples after the NSTS process at 
510°C for 30 minutes followed by two weeks of natural aging as well as by artificial 
aging. The as-cast condition is included as a reference. (NSTS+NA -  NSTS process 
followed by two weeks of natural aging; NSYS+AA -  NSTS process followed by 
artificial aging at 200°C for 2 hours) (Data taken from 3 samples).
Fracture observations of the tensile test bars revealed a predominantly brittle fracture. 
Moreover, several spots with characteristic ductile dimples were found (Figure 4.19). 
The shrinkage porosity was found on the fracture surface as well as segregation of the Cu 
and Fe based phases.
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Figure 4.19. SEM micrographs (1000X) of the fracture surface of the tensile bars after 
the NSTS process at 510°C for 30 minutes followed by two weeks of natural aging; a) SE 
Image; b) BSE image. Please note the visible structure constituents: #1) brittle fracture of 
Si particles; #2 ductile fracture of the A1 matrix with characteristic dimples; #3) Cu 
enriched phases in the form of spheroid.
4.3 . M e ta l l u r g ic a l  Ch a r a c te r iza t io n  o f  t h e  W 319 A l l o y  
S u b je c t e d  to  t h e  CST P r o c ess
4.3.1. Structure Characterization
4.3.1.1. Light Optical M icroscope (LOM) Observations
Light Optical Microscope (LOM) observations revealed the unmodified morphology of 
the Al-Si eutectic after the CST process at 510°C for 30 minutes (Figure 4.20a). The 
noticeable fragmentation of Si particles (Length of Si particles was changed from 
10.01 ±8.45pm to 8.45±5.81pm after CST process at 510oC for 30 to 60 minutes) were 
observed after the CST at 510oC for 60 minutes (Figure 4.20b). Increasing the CST 
temperature to 540°C resulted in spheroidization followed by coarsening of the Si 
particles of the test samples subjected to the CST process (Figure 4.20f). The overall 
impression based on the LOM observations is that the modification level of the Al-Si 
eutectic after the CST process was relatively low. This would not result in improved 
elongation of the W319 alloy.
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Figure 4.20. The microstructure of the W 319 alloy test sample under the LOM after the 
CST process at 510 and 540 °C for 30, 60, 240 minutes followed by two weeks of natural 
aging (200X). Note fragmentation of Si particle #1 in b) and c); Si coarsening #2 in 
e) and f), as well as incipient melting of Cu enriched phases #3 in e) and f).
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LOM observations did not show the incipient melting of the Cu enriched phases during 
CST at 510 and 520°C for 30 to 240 minutes. Thermal analysis performed during the 
heating cycle for the W319 prior to heat treatment revealed the beginning of the alloy 
melting process at 505.6C. It is a well known phenomenon that during slow heating to the 
solution treatment temperature, certain Cu enriched phases dissolve before reaching the 
solution temperature. This helps to dissolve the Cu enriched phases rather than melting 
them when the incipient melting temperature is exceeded. For this reason the incipient 
melting temperature would be shifted to the higher value compared to the data (Table 
4.1) obtained from thermal analysis. For the investigated W319 alloy, the incipient 
melting was visible after the CST at 530°C and became very severe at 540°C (Figure 
4.20e & f).
4.3.1.2. Scanning Electron M icroscope (SEM) Observations
Scanning Electron Microscope (SEM) BSE observations of the selected W319 alloy test 
samples subjected to the CST process showed the significant difference in the Area 
Fraction of the Cu based phases when compared with the as-cast test samples. After the 
CST at 510°C for 30 minutes, the Area Fraction of the Cu enriched phases decreased 
from approximately 1.99±0.62% (as-cast) to approximately 0.78+0.49%. The high 
standard deviation indicates the heterogeneity of their distribution.
The morphology of Cu enriched phases for given experimental conditions was changed 
after the CST process when compared with the as-cast material. Cu enriched phases were 
observed in the typical blocky and eutectic morphology after the CST process. The 
dimensions of individual Cu enriched phases were smaller after CST due to the 
dissolution process visible as a reduction in the Area Fraction of the Cu enriched phases.
The energy dispersive X-ray microanalysis confirms the presence of Mg based phases 
inside the Cu enriched phases with a characteristic eutectic morphology (Figures 4.21 and 
4.22). The CST process did not affect the Fe based phases for all the investigated 
experimental conditions.
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Figure 4.21. SEM micrographs in the BSE mode of the W319 alloy after CST at 510°C 
for 30 minutes and corresponding X-ray microanalysis spectra for selected structural 
constituents, a) SEM/BSE image under 200X magnification; b) Enlargement from the 
circled part of Figure 4.22 a); c) EDX spectra for the Cu enriched phases #1; d) EDX 
spectra for the Fe enriched phases #2; e) EDX spectra for the Mg enriched phases inside 
the Cu enriched phases #3; f) EDX spectra for the metal matrix.
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Figure 4.22. SEM micrographs in the BSE mode of the W319 alloy after CST at 510°C 
for 60 minutes and corresponding X-ray microanalysis spectra for selected structural 
constituents, a) SEM/BSE image under 200X magnification; b) Enlargement from the 
circled part of Figure 4.21 a); c) EDX spectra for the Cu enriched phases #1; d) EDX 
spectra for the Mg enriched phases inside the Cu enriched phases #2; e) EDX spectra for 
the Fe enriched phases #3; f) EDX spectra for the metal matrix.
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4.3.2. Mechanical Properties of the W319Allov following the Conventional 
Solution Treatment (CST) Process
The metal matrix microhardness (HV25) measurements showed that the CST process for 
all experimental conditions increased the matrix microhardness compared to the as-cast 
material (HV25=64.5±6.5) (Figure 4.23). Maximum matrix microhardness, 
approximately 101.8±5.3 HV25 was obtained after the W319 alloy test samples were 
subjected to the CST process at 510°C for 30 minutes (Figure 4.24b). Increasing the CST 
temperature above 510°C decreased the matrix microhardness from 97.0±7.4 to 
83.1±6.7.9 HV25. Increasing the CST process time from 30 to 240 minutes, increased the 
matrix microhardness for all experimental conditions. Statistical Analysis (Table 4.7) 
confirmed that there is no significant difference between matrix microhardness after CST 
for 30 and 240 minutes for all investigated temperatures, except for 540°C, i.e., 510 to
n
530°C. Standard deviation calculated for all the NSTS experimental conditions was lower 
when compared with the as-cast material, i.e., ±8.48 (Table 4.7). This indicates an 
increase in the metal matrix homogeneity after the CST process.
Table 4. 7. The mean value of the matrix microhardness with the corresponding standard 
deviation of the W319 alloy test samples after the CST process at 500 to 540°C for 30 to 
240 minutes.
Time, mins  ^
500 510 520 530 540
HV25 Stdev HV25 Stdev HV25 Stdev HV25 S tdev HV25 Stdev
30 92.4 5.6 101.8 5.5 97.0 7.4 96.9 5.8 83.1 6.7
60 95.7 6.6 101.2 4.5 97.5 4.5 96.2 2.9 83.7 3.9
120 95.8 4.5 101.7 5.2 96.2 2.4 96.9 3.7 85.0 3.6
240 95.8 4.4 101.8 5.3 98.2 3.4 97.0 3.2 87.6 4.8
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Figure 4. 23. Metal matrix microhardness of the W319 alloy after the CST process at 500 
to 540°C for 30 to 240 minutes followed by 2 weeks of natural aging. The as-cast 
condition is included as a reference.
The solution temperature of the maximum matrix microhardness corresponds to the 
approximate temperature at the beginning of the W319 alloy melting process as 
established by thermal analysis during the heating cycle (Figure 4.1). It is believed that 
under this condition the dissolution process of the Cu enriched phases during CST is the 
most effective leading to the saturation of metal matrix followed by the precipitation 
process during natural aging. It was noted that at 540°C, the metal matrix microhardness 
dropped significantly, and this is due to the incipient melting of the Cu enriched phases.
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Figure 4. 24. Matrix microhardness (HV25) with the corresponding standard deviation of 
the W319 alloy test samples after the CST process for 30 to 240 minutes performed under 
the following conditions: a) at 500°C, b) at 510°C, c) at 520°C, d) at 530°C, e) at 540°C 
and followed by two weeks of natural aging.
The tensile test analysis for the test samples subjected to the NSTS process at 510°C for 
30 minutes followed by two weeks of natural aging showed an increase in UTS to
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approximately 199.3.3±12.1MPa when compared with the as-cast conditions, i.e., 
139.5±16MPa (Figure 4.25). Also, the UTS could be increased to 233.5±12.9MPa when 
natural aging was replaced by the artificial aging process at 200°C for 2 hours. 
Elongation of the tensile test bars after the NSTS process at 510°C for 30 minutes 
followed by NA and AA was found to be below 1%. This result indicates low ductility of 
the W319 alloy mostly caused by the low modification level of the Al-Si eutectic. Some 
tensile test bars failed without reaching the 0 .2 % yield strength.
260
ilCST+NA 




Figure 4.25. Tensile properties of the W319 alloy test samples following the CST 
process at 510°C for 30 minutes followed by two weeks of natural aging (NA) as well as 
artificial aging. CST+NA - CST process followed by two weeks of natural aging. 
CST+AA - CST process followed by artificial aging at 200°C for 2 hours. The as-cast 
condition is included as a reference.
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4.4. A sse ssm e n t  o f  th e  E ffe c t iv en e ss  o f  t h e  N o v e l  NSTS 
P r o c ess
Estimation of Cu-enriched Phases Based on Thermal Analysis and the 
Relationship to Matrix Microhardness
Determination of the total Area Fraction and/or Volume Fraction of the Cu enriched 
phases using the image analysis technique is a time consuming and laborious procedure. 
Kierkus et al developed a new technique for estimating the total volume of Cu enriched 
phases based on the results obtained from TA [Djurdjevic 2001, Kasprzak 2001], In this 
work, the total Area Fraction of the Cu enriched phases was determined using Imaging 
Analysis and a detailed analysis of the “Energy Signature” (ES) coming from the Cu 
enriched phases. The resulting measurements were almost perfectly correlated 
[Djurdjevic 2001, Kasprzak 2001].
The “Energy Signature” of the Cu enriched phases was defined as the ratio of the area 
between the First Derivative of the cooling curve and the hypothetical solidification path 
of the Al-Si eutectic to the total area between the First Derivative of the cooling curve 
and the Base Line (BL) [Djurdjevic 2001, Kierkus 2001]. The rationale for this 
assumption is based on:
a) The microstructure observation results, which permit one to postulate that the 
solidification of the Al-Si eutectic continues until the solidus temperature is 
reached.
b) The total latent heat “Energy Signature”, which evolves during alloy solidification 
is the sum of the energy released by all of the phases involved in the process.
The proportionality constant in both cases (i.e. the total latent heat of alloy solidification 
and the latent heat of solidification associated with the Cu enriched phases) is the 
"apparent specific heat" of the alloy [Djurdjevic 2001, Kasprzak 2001],
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In this thesis, the same approach [Djurdjevic 2001, Kasprzak 2001] was used to evaluate 
the “Energy Signature” of the Cu enriched phases during cooling from the NSTS 
Temperature. This approach was used when the NSTS process was performed above the 
nucleation point of the Cu enriched phases (approximately 500°C). During the cooling 
process from the NSTS temperature, the “Energy Signature” was recorded and evaluated. 
Next the influence of the NSTS process time on the Cu enriched phases reaction intensity 
was analyzed.






Figure 4.26. First Derivative of the cooling curve (FD) with its Base Line (BL) and the 
hypothetical solidification path of the Al-Si eutectic (Al-Si,e).
It is known from previous studies that reaction intensity or the so-called “Energy 
Signature” of the Cu based phases obtained from TA corresponds to the Volume Fraction 
(VF). This concept is demonstrated in Figure 4.26. The area between the First Derivative 
of the cooling curve (FD) and the Base Line curve (BL), from the liquidus state (/) to the 
solidus state (5 ) is proportional to the latent heat of solidification of the alloy. If the two
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aforementioned assumptions are correct, then the regression line between the arbitrarily 
selected state (/) and the solidus state (s) (as shown in Figure 4.26 & 4.27) is a part of the 
solidification path of the Al-Si eutectic (AlSi,e). Therefore, it is evident that the area 
between path (/)-(s) and the First Derivative of the cooling curve (FD) should be 
proportional to the latent heat of solidification of the Cu enriched phases [Djurdjevic 
2001, Kierkus 1999 ].
The formula to calculate the VF of the Cu enriched phases based on the thermal analysis 
can be presented as follows:
VF = — x 100, (% ) Equation (4)
X
where: X - area between the First Derivative curve and the Base Line,
Y -  area between the First Derivative curve and the hypothetical solidification 
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Figure 4.27. Enlarged Cu Enriched Phase Region from Figure 4.26.
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Figure 4.28. a) First Derivative vs. Time curve of the W319 alloy test sample subjected 
to the NSTS process at 510 to 540°C for 30 minutes, b) Enlargement of a). Please note 
that the decreasing in the intensity, i.e., “Energy Signature” after the NSTS processes 
comparing with as-cast condition.
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Based on these assumptions the thermal analysis signal can be used to evaluate the 
effectiveness of the dissolution of the Cu enriched phases. In turn, by measuring the 
matrix microhardness and the corresponding Area Fraction of undissolved Cu enriched 
phases, a simple relationship can be found between the matrix microhardness, Area 
Fraction based on IA and the “Energy Signature” from TA.
a) NSTS for 60mins b) NSTS at 530°C
□  V F  E3 M tcrohardness
520 S30 540
Temperature of the NSTS Process, °C





Figure 4.29. Comparison of the matrix microhardness vs. VF of the Cu enriched phases 
calculated via thermal analysis; a) the W319 alloy test sample subjected to the NSTS 
process at 500 to 540°C for 60 minutes; b) the W319 alloy test sample subjected to the 
NSTS process at 530°C for 30 to 240 minutes. The as-cast condition is also included as a 
reference.
Based on the thermal analysis conducted, it is found that the “Energy Signature” 
decreased sufficiently after NSTS process at 510°C for a given time (Figure 4.28). It was 
also found that by increasing the NSTS time from 30 to 240 minutes, this decreases the 
“Energy Signature” of the Cu enriched phases for a given NSTS temperature (Figure 
4.29b). For this reason, the “Energy Signature” of the test samples following the NSTS 
process was proportionally lower when compared with the test samples in the as cast 
condition (Figure 4.28b). The Cu enriched phases dissolved during the NSTS isothermal 
holding, and this resulted in less latent heat (“Energy Signature”) being released from the 
solidification of the Cu enriched phases during cooling from the NSTS temperature This
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trend is associated with changes in the metal matrix microhardness (i.e. maximum area 
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Figure 4.30. The relationship between matrix microhardness (HV25) vs. Area Fraction 
(AF) of Cu enriched phases based on image analysis (IA), as well as matrix 
microhardness (HV25) vs. Volume Fraction (VF) of Cu enriched phases utilizing the 
thermal analysis (TA) technique.
Based on the experimental results, the relationship between the matrix microhardness and 
the Area/or Volume Fraction of the Cu enriched phases (calculated using IA, as well as 
TA) was found for the given NSTS process conditions (Figure 4.30). It is possible to 
estimate the matrix microhardness of the W319 alloy test sample subjected to the NSTS 
process. More scientific research and data is required to explore this approach.
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4.5. C o m p a r iso n  B e t w e e n  t h e  NSTS a n d  t h e  CST P r o c e s s e s  
4.5.1. Duration of the Process
Comparison studies showed significant benefits of the NSTS process over the 
conventional solution treatment process. The total cycle time for the NSTS process is 
about 250% shorter than for Solution Heat Treatment due to the elimination of the 
heating time required to reach the solution treatment temperature (Figure 4.31). This 
would allow for a significant reduction in manufacturing costs for the A1 components 
subjected to the NSTS process. For a given experimental condition (i.e. 0.2°C/s heating 
rate), the heating to the CST temperature takes approximately 45 minutes. On an 
industrial level, the heating rate to the solution temperature depends on a particular heat 
treatment line as well as on the casting geometry. In some situations, slow heating rates 
are preferred to avoid the thermal stress on components with complicated shapes 
especially having low thermal conductivity.
Based on industrial experience, it is known that following the casting process, some 
components are heat treated after several days delay. Some components, after 
solidification is completed, are transferred to the heat treatment furnace in a semi- 
continuous manner. This helps to save some heat derived from the solidification process. 
In turn, it allows for the reduction in time required to heat the component to the solution 
temperature. This is due to the fact that the initial component temperature prior to the 
solution treatment is higher than the surrounding temperature.
The NSTS process is based on the so-called ideal case where the solidification process is 
interrupted by the isothermal holding at a particular temperature. The UMS A system used 
in this study with a customized experimental set up allows for precise temperature control 
during the heat treatment simulation preventing so-called “overshooting” (the 
temperature dropping below set points). Direct implementation of the NSTS process 
could be a challenging task for practitioners on an industrial level without first 
redesigning the existing equipment [Kasprzak 2002d]. Due to the difficulties with direct
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implementation, the NSTS process could be modified to allow the casting to cool by a 
certain degree below the solidus temperature and then immediately reheating it to the 
required solution treatment temperature. Taking into account the foundry floor 
conditions, the degree of undercooling will depend on how quickly the casting can be 
transferred to the heat treatment furnace after solidification is completed. Unfortunately 
this will extend the process duration and lower its effectiveness.
800
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700 -
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Figure 4.31. Comparison of the heat treatment duration for the given experimental 
conditions between the NSTS and CST performed at 510°C for 30 minutes. Please note 
the following heat treatment segment: #1- Cooling during solidification at a cooling rate 
of 0.75°C/s; #2- Cooling from the NSTS or CST temperature at a cooling rate of 1.2°C/s; 
#3- Heating to the CST temperature at a heating rate of 0.2°C/s.
82
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4.5.2. Metallurgical Structure Characterization
Microstructure observations under LOM combined with image analysis did not reveal 
significant changes in the morphology of the Al-Si eutectic for the test samples subjected 
to the NSTS and CST processes. For both heat treatments, the fragmentation process of 
Si particles was visible at 510°C especially after 240 minutes of solution treatment 
(Figure 4.32b & d). The fragmentation process was followed by spheroidization and 
coarsening (Figure 4.33d) predominantly at 540°C for 30 and 240 minutes of heat 
treatment.
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Figure 4.32. LOM microstructure of the W 319 alloy test samples under LOM after the 
NSTS and CST processes followed by two weeks of natural aging (200X); a) NSTS at 
510°C for 30 minutes; b) NSTS process at 510°C for 240 minutes; c) CST process at 
510°C for 30 minutes; d) CST process at 510°C for 240 minutes. Please note the 
fragmentation of Si particles - #1.
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The Area Fraction of Cu enriched phases for the test samples after NSTS at 510°C for 30 
minutes was 0.84±0.52%, which is approximately 10% higher than for the CST process 
performed under identical conditions (i.e., 0.71±0.39). However, the statistical analysis 
revealed that the difference was not significant (p>0.05). The morphology of the Cu 
enriched phases after NSTS process at 510 and 540°C for 30 to 240 minutes showed 
visible spheoridization (Figure 4.34). The size of the Cu enriched spheroids decreased in 
diameter with the increase in the NSTS time due to the progressing dissolution process.
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Figure 4.33. LOM microstructure of the W319 alloy test samples after the NSTS and 
CST processes followed by two weeks of natural aging (200X); a) NSTS process at 
540°C for 30 minutes; b) NSTS process at 540°C for 240 minutes; c) CST process at 
540°C for 30 minutes; d) CST process at 540°C for 240 minutes. Note the visible 
fragmentation (#1) as well as spheroidization (#2) and coarsening (#3) of the Si particles.
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Energy dispersive X-ray microanalysis of the aluminum matrix of the investigated test 
samples confirmed the differences between the concentrations of certain alloying 
elements. For the test samples subjected to the NSTS at 510°C for 30 minutes, the Si 
concentration in the metal matrix was found to be approximately 2 . 1  ±0 . 1 %, which is 
approximately 50% higher compared with the CST process (i.e. 1.05±0.4%) (Figure 
4.35).
a) b)
Figure 4.34. SEM/BSE images under 500X magnification of the W 319 alloy test samples 
subjected to the NSTS and CST processes followed by two weeks of natural aging, 
a) NSTS process at 510°C for 30 minutes; b) CST process at 510°C for 30 minutes. 
Please note that the Cu morphology of the W319 alloy test samples is spheroidized after 
the NSTS process.
These results agree with the Si Area Fraction measurements using the image analysis 
technique. The analysis indicates a lower area fraction of Si particles (i.e. 4.67±1.1%) for 
the test samples subjected to the NSTS process when compared with the CST process 
(Figure 4.36). In turn this indicates that more Si was dissolved in the A1 matrix. 
Following the NSTS process, this would contribute to higher matrix microhardness in the 
test samples. Two independent mechanisms of the metal matrix strengthening effect have 
to be considered: 1) the solid solution strengthening effect by Si atoms and 2) the 
precipitation strengthening effect during natural aging caused by the Si based 
precipitates, like Mg2 Si. This hypothesis could pave the way to a better understanding of
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the influence of Si and Mg on higher matrix microhardness for the test samples subjected 
to the NSTS process.
NSTS CST
Heat Treatment
Figure 4.35. Si and Cu concentrations in the A1 metal matrix of the W319 alloy test 
samples subjected to the NSTS and CST processes at 510°C for 30 minutes followed by 
two weeks of natural aging.
Higher matrix microhardness for the NSTS process compared with the CST process is 
not only associated with the Cu enriched phases dissolution, in particular, the Cu 
concentration in the metal matrix was found to be lower for the test samples subjected to 
the NSTS process (Figure 4.37). The dissolution of Mg based phases during the NSTS 
process could be the reason for the increase in matrix microhardness when compared 
with the CST. Further research is needed to fully understand the observed phenomenon 
and to explain the metallurgical mechanisms behind it.
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■  240 m inutes□  30 minutes
CST at 510 NSTS at 510 CST at 540 NSTS at 540
Heat Treatment
As-Cast
Figure 4.36. Area Fraction of Si particles of the W 319 alloy test samples subjected to 
NSTS and CST processes at 510 and 540°C for 30 and 240 minutes followed by two 
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Figure 4.37. Comparison of the matrix microhardness and the corresponding Area 
Fraction of Cu enriched phases of the W319 alloy test samples after NSTS and CST 
process at 510°C for 30 minutes followed by two weeks of natural aging.
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4.5.3. Mechanical Properties
Comparison of matrix microhardness among heat treated test samples showed significant 
differences between the NSTS and conventional solution treatment processes (Figure 
4.38). On the average, the matrix microhardness for the NSTS process was at least 
approx. 10% higher than for the CST for given experimental conditions.
For the optimum NSTS conditions (i.e. 510°C for 30 minutes), the matrix microhardness 
was approximately 112.0±4.4. This is approximately 10% higher than for the CST 
performed under the identical conditions (Figure 4.39). The increased value of the matrix 
microhardness corresponds to the lower Area Fraction of Cu enriched phases (a more 
effective dissolution process). The statistical analysis confirmed that the difference 
between the NSTS and CST processes at 510°C for 30 minutes was significant (p<0.05).
Time, minutesTime, m inutes
T em perature of the CST pro cess , °CT em peraure  of the  NSTS process?C
Figure 4.38. Metal matrix microhardness (HV25) of the W319 alloy test samples 
subjected to the NSTS and CST processes followed by two weeks of natural aging. The 
as-cast condition is included as a reference, a) NSTS process at 510 to 540°C for 30 to 
240 minutes b) CST process at 510 to 540°C for 30 to 240 minutes.
Comparison of tensile properties among heat treated test samples did not show significant 
differences between the NSTS and CST processes (Figure 4.40). The UTS and YS were
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approximately 202.1±9.1MPa and 139.5±16.4MPa respectively for the tensile test bars 
subjected to the NSTS at 5 IOC for 30 minutes. The elongation was found to be below 
1%, which indicates that 30 minutes for the NSTS process is not long enough to 
thermally modify the Al-Si eutectic. The W319 alloy had a residual Sr addition and 
solidified under a slow cooling rate, which resulted in a coarse silicon morphology. 
Difficulties regarding low modification of the Al-Si eutectic would be overcome for 













500 510 520 530 540
Temperature of Heat Treatment Processes, °C
As-Cast
Figure 4. 39. Matrix microhardness of the W319 alloy test samples following NSTS and 
CST processes at 510 to 540°C for 30 minutes followed by two weeks of natural aging. 
The as-cast condition is included as a reference.
The mechanical properties particularly UTS can be considerably increased by replacing 
the natural aging with the artificial aging process. The preliminary results performed in 
the framework of this study reveal that the NSTS process at 510°C for 30 minutes
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followed by artificial aging at 250°C for 180 minutes indicated that the UTS could be 
increased to approximately 239.7±16.5MPa.
Fracture observations of the tensile test bars subjected to the NSTS and CST processes 
revealed a predominantly brittle fracture mode with the ductile aluminum matrix having 
characteristic dimple morphology. The brittle structural constituents like: Si, Fe and Cu 
based phases act as the crack nucleation sites. Under given stress levels (during the 
tensile testing), decohesion between brittle structural constituents and the ductile metal 
matrix takes place. Next decohesion could be extended by the linking process leading to 
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Figure 4.40. Ultimate Tensile Strength (UTS) and Yield Stress (YS) of the W319 alloy 
test samples subjected to the following heat treatment processes: NSTS + NA - NSTS 
process at 510°C for 30 minutes followed by 2 weeks of natural aging (NA). CST + NS - 
CST process at 510°C for 30 minutes followed by 2 weeks of natural aging (NA). NSTS 
+ AA - NSTS process at 510°C for 30 minutes followed by artificial aging (AA) at 200°C 
for 120 minutes. CST+ AA - CST process at 510°C for 30 minutes followed by artificial 
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Fracture observations revealed the presence of shrinkage porosity, which developed 
during the solidification process of the test samples (Figure 4.41). Detailed inspection of 
the porosity subsurface did not show an oxide layer, which can indicate high liquid metal 
cleanliness.
a) NSTS process at 5 10°C for 30 minutes b) CST process at 5 10°C for 30 minutes
Figure 4.41. SEM macrographs (20X) in the BSE mode of the fracture surface of the 
tensile bars subjected to: a) NSTS process at 510°C for 30 minutes followed by 2 weeks 
of natural aging; b) CST process at 510°C for 30 minutes followed by 2 weeks of natural 
aging; c) The as-cast condition. Please note the Cu and Fe based phases #1 and the 
shrinkage porosity #2 .
c) As-cast condition
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b) CST process at 510°C for 30 minutes
c) As-cast condition
Figure 4.42. Morphology of Cu enriched phases (1000X) found on the fracture surface of 
the W319 alloy tensile test bars subjected to the following Heat Treatment: a) NSTS 
process at 510°C for 30 minutes followed by 2 weeks of natural aging; b) CST process at 
510°C for 30 minutes followed by 2 weeks of natural aging; c) The as-cast condition. #1 
-  Cu enriched phases #2 Fe enriched phases #3 ductile fracture of the A1 matrix with 
characteristic dimples.
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The SEM observations confirmed the considerable difference between the Area Fraction 
of the Cu enriched phases observed on the fracture surface of the investigated tensile bars 
(Figure 4.42). The test samples, following the NSTS and CST processes, had a 
significantly lower number of Cu enriched phases when compared with the tensile bars 
without heat treatment.
SEM observations of the fractured surfaces revealed some globular Cu enriched phases 
with diameters of approximately 5 to 50pm. They have a characteristic ultra fine 
dendritic morphology (Figure 4.42a) #1). This phenomenon was not observed for the test 
samples subjected to the CST process.
The selected metallurgical and mechanical characteristics are summarized in Table 4.8. 
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CHAPTER 5. CONCLUSIONS
Based on the experimental results, it Vas found that the NSTS process would 
significantly reduce heat treatment costs by reducing the process duration and at the same 
time would provide similar or even higher mechanical properties of the components when 
compared to the CST process.
A comparison study between the two heat treatment processes showed that for given 
experimental conditions (at 510°C for 30 minutes), the total cycle time for the NSTS 
process is approximately 250% shorter than for the CST process. The NSTS process at 
510°C for 30 minutes delivers a matrix microhardness approximately 10% higher than 
for the CST process performed under identical conditions.
Detailed results revealed that the NSTS process appears to be optimal at 510°C for 30 
minutes rendering the matrix microhardness to be approximately 112±4.4 (HV25) and the 
Area Fraction of the Cu enriched phases to be approximately 0.8±0.58%. It was found 
that extending the NSTS process time 8  times from 30 to 240 minutes increases the 
matrix microhardness by only 2%. For this reason, the NSTS process at 510°C for 30 
minutes was considered as the optimum condition, which allowed sufficient dissolution 
of the Cu enriched as well as Mg and Si based phases obtained during a relatively short 
time and in turn resulted in relatively high metal matrix microhardness.
The NSTS process at 510°C for 30 minutes initiated the fragmentation process of Si 
particles followed by the Si spheroidization and coarsening process predominantly at 
510°C for 240 minutes. Thermal modification of the Si particles at the optimum condition 
(i.e. at 510°C for 30 minutes), was found to be relatively low. Relatively low thermal 
structure modification was reflected in low elongation (below 1 %) of the investigated 
tensile test bars.
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The NSTS process changed the morphology of the Cu enriched phases to a globular 
shape predominantly following the NSTS process at 510°C and 520°C from 30 to 240 
minutes. The diameter of the Cu enriched spheroids was between 5 to 50 pm.
The tensile test results are similar for the test samples subjected to the NSTS and CST 
processes. The Ultimate Tensile Strength was approximately 290MPa for both analyzed 
heat treatment processes, which is approximately 30% higher than for the as-cast 
condition. Replacing natural aging with artificial aging at 250°C for 180 minutes 
increased the UTS to approximately 240MPa. This indicates a higher flexibility when 
selecting the AA conditions. Elongation was found to be below 1% for the NSTS process 
due to the low level of thermal modification of the Al-Si eutectic.
Implementation of the NSTS process could be a challenging task for practitioners on the 
industrial level without redesigning the existing equipment. For this reason, the NSTS 
process could be modified to allow the casting to cool by a few degrees below the solidus 
temperature and then reheating it immediately to the required solution treatment. Taking 
into account the foundry floor conditions, the degree of undercooling will depend on how 
quickly the casting can be transferred to the heat treatment furnace after solidification. 
Unfortunately this will extend the process duration and lower its effectiveness.
This analysis revealed that it is possible to use the total area between the First Derivative 
curve and the Baseline curve to estimate the Area Fraction of the Cu enriched phases 
found in the test samples subjected to the NSTS process. The “Energy Signature” can be 
further used to evaluate the effectiveness of the Cu enriched phases dissolution as a 
function of the NSTS parameters and in turn to predict the matrix microhardness.
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CHAPTER 6. FUTURE WORK
1. To investigate the exact effect of Mg and Si on the development of the matrix
microhardness after the NSTS process.
2. To investigate the effect of the chemical modifier additions (Se, Na, etc) on the
thermal modification of Si particles during the NSTS process.
3. To optimize the artificial aging parameters for the NSTS process.
4. To investigate the effect of the “Semi-Continuous” Process on the Cu enriched
phases dissolution and on the development of the matrix microhardness. 
The “Semi-Continuous” Process refers to the modified NSTS process where the 
casting is allowed to cool by a few degrees below the nucleation temperature of 
Cu enriched phases and is immediately returned to the required solution 
temperature (Figure 6.1).
T, °C
2  weeks 
ofNA
Time
Figure 6 . 1 . Schematic diagram of the “Semi-Continuous” process recommended for the 
W319 alloy. Arrows present changes in the temperature and time of the process.
5. To perform a feasibility study on the assessment of the Cu enriched phases 
dissolution and on the matrix microhardness development based on thermal analysis.
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APPENDIX A
Certificate of calibration 350001 for the Omega Digital RTD Thermometer dated
February 11, 2000.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX B
UMSA Thermal Analysis for the test samples (Type I) performed prior to the NSTS 
simulations are presented in this section. UMSA Heat Treatment simulations o f the NSTS 
process at 500, 510, 520, 530, and 540°C for 30, 60, 120, 240 minutes performed for test 
samples (Type I) are also presented.
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Figure B .l. Thermal Analysis results for the W319 alloy test sample (Type I) (Sample ID: NSTS-500-30) 
obtained using the UMSA system during the cooling cycle, before the test sample (Type I) was subjected to 
the NSTS process, a) Cooling curve o f the NSTS-500-30 test sample (Type I), b) First Derivative vs. 
Temperature curve o f the NSTS-500-30 test sample (Type I) during the solidification process. 1 -  
nucleation o f the Al dendrite network 597°C, 2 -  nucleation o f the Al-Si eutectic 56(TC, 3 -  nucleation o f  
the Cu enriched phases 499°C, 4 -  solidus temperature 480°C.
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Figure B 2. Melting, melt holding, the solidification, and NSTS process using the UMSA test sample (Type 
I). a) Temperature vs. Time curve o f the NSTS-500-30 test sample (Type I). 1 -  heating cycle, 2 -  melt 
“stabilization” period, 3 -  the solidification from 750°C to 500°C with a cooling rate o f 0.7'5°C/s, 4 -  
NSTS process at 500°C for 30 minutes, 5 -  air quenching with a cooling rate o f l°C/s. b) Zoom o f  the 
cooling curve and the beginning o f NSTS process o f  Figure B2.a).
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Figure B 3. Thermal Analysis results for the W319 alloy test sample (Type 1) (Sample ID: NSTS-500-60) 
obtained using the UMSA system during the cooling cycle, before the test sample (Type I) was subjected to 
the NSTS process, a) Cooling curve o f the NSTS-500-60 test sample (Type I), b) First Derivative curve vs. 
Temperature curve o f the NSTS-500-60 test sample (Type 1) during the solidification process. 1 -  nucleation 
o f the Al dendrite network 600°C, 2 -  nucleation o f the Al-Si eutectic 56(?C, 3 -  nucleation o f the Cu 
enriched phases 499°C, 4 -  solidus temperature 451.6°C.
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Figure B 4. Melting, melt holding, the solidification, and NSTS process using the UMSA test sample (Type 
I). a) Temperature vs. Time curve o f the NSTS-500-60 test sample (Type I). 1 -  heating cycle, 2 -  melt 
“stabilization” period, 3 -  the solidification from 750°C to 500°C with a cooling rate o f  a 0.7'5°C/s, 4 -  
NSTS process at 500°C for 60 minutes, 5 -  air quenching with a cooling rate o f l°C/s. b) Zoom o f the 
cooling curve and the beginning o f the NSTS process o f Figure B4.a).
109










900 920 940 960 980 1000 1020 1040 1060 1080 1100 1120 1140 1160 1180
Time, s
b)




Figure B 5. Thermal Analysis results for the W319 alloy test sample (Type I) (Sample ID: NSTS-500-120) 
obtained using the UMSA system during the cooling cycle, before the test sample (Type I) was subjected to 
the NSTS process, a) Cooling curve o f the NSTS-500-120 test sample (Type I), b) First Derivative vs. 
Temperature curve o f  the NSTS-500-120 test sample (Type I) during the solidification process. 1 -  
nucleation o f the Al dendrite network 599°C, 2 -  nucleation o f the Al-Si eutectic 565°C, 3 -  nucleation o f  
the Cu enriched phases 495° C, 4 -  solidus temperature 445.2°C.
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Figure B 6. Melting, melt holding, the solidification, and NSTS process using the UMSA test sample (Type 
I), a) Temperature vs. Time curve o f the NSTS-500-120 test sample (Type I).l -  heating cycle, 2 -  melt 
“stabilization” period, 3 -  the solidification from 750°C to 500°C with a cooling rate ofa 0.75°C/s, 4 -  
NSTS process at 500°C for 120 minutes, 5 -  air quenching with a cooling rate o f  l°C/s. b) Zoom o f the 
cooling curve and the beginning o f the NSTS process o f Figure B6.a).
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Figure B 7. Thermal Analysis results for the W319 alloy test sample (Type I) (Sample ID: NSTS-500-240) 
obtained using the UMSA system during the cooling cycle, before the test sample (Type I) was subjected to 
the NSTS process .a) Cooling curve o f the NSTS-500-240 test sample (Type I), b) First Derivative vs. 
Temperature curve o f  the NSTS-500-240 test sample (Type I) during the solidification process. 1 -  
nucleation o f the Al dendrite network 601°C, 2 -  nucleation o f the Al-Si eutectic 56<?C, 3 -  nucleation o f  
the Cu enriched phases 498°C, 4 -  solidus temperature 453.4°C.
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Figure B 8. Melting, melt holding, the solidification, and NSTS process using the UMSA test sample (Type 
I), a) Temperature vs. Time curve o f the NSTS-500-240 test sample (Type I). 1 -  heating cycle, 2 -  melt 
“stabilization” period, 3 -  the solidification from 750°C to 500°C with a cooling rate o f  a 0.75°C/s, 4 -  
NSTS process at 500°C for 240 minutes, 5 -  air quenching with a cooling rate o f l°C/s. b) Zoom o f the 
cooling curve and the beginning o f the NSTS process o f Figure B8.a).
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Figure B 9. Thermal Analysis results for the W319 alloy test sample (Type I) (Sample ID: NSTS-510-30) 
obtained using the UMSA system during the cooling cycle, before the test sample (Type I) was subjected to 
the NSTS process, a) Cooling curve o f the NSTS-510-30 test sample (Type I), b) First Derivative curve vs. 
Temperature curve o f the NSTS-510-30 test sample (Type I) during the solidification process. 1 -  nucleation 
o f the Al dendrite network 601°C, 2 -  nucleation o f the Al-Si eutectic 566°C, 3 -  nucleation o f the Cu 
enriched phases 501 C, 4 -  solidus temperature 448.3 C.
114





















1540 1560 1580 1600 1620 1640 1660 1680 1700 1720 1740 1760 1780 1800 1820 1840
Time, s
Figure B 10. Melting, melt holding, the solidification, and NSTS process using the UMSA test sample 
(Type I), a) Temperature vs. Time curve o f the NSTS-510-30 test sample (Type I).l -  heating cycle, 2 -  melt 
“stabilization” period, 3 — the solidification from 750°C to 500°C with a cooling rate o f a 0.75°C/s, 4 -  
NSTS process at 510°C for 30 minutes, 5 -  air quenching with a cooling rate o f l°C/s. b) Zoom o f  the 
cooling curve and the beginning o f the NSTS process o f Figure BlO.a).
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Figure B 11. Thermal Analysis results for the W319 alloy test sample (Type I) (Sample ID: NSTS-510-60) 
obtained using the UMSA system during the cooling cycle, before the test sample (Type I) was subjected to 
the NSTS process, a) Cooling curve o f the NSTS-510-60 test sample (Type I), b) First Derivative curve vs. 
Temperature curve o f the NSTS-510-60 test sample (Type I) during the solidification process. 1 -  
nucleation o f the Al dendrite network 599 C, 2 -  nucleation o f the Al-Si eutectic 565 C, 3 -  nucleation o f  
the Cu enriched phases 496°C, 4 -  solidus temperature 443 C.
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Figure B 12. Melting, melt holding, the solidification, and NSTS process using the UMSA test sample 
(Type I), a) Temperature vs. Time curve o f the NSTS-510-60 test sample (Type I).l -  heating cycle, 2 -  melt 
“stabilization” period, 3 -  the solidification from 750°C to 500°C with a cooling rate o fa  0.75°C/s, 4 -  
NSTS process at 510°C for 60 minutes, 5 -  air quenching with a cooling rate o f l°C/s. b) Zoom o f the 
cooling curve and the beginning o f the NSTS process ofFigure B12.a).
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Figure B 13. Thermal Analysis results for the W319 alloy test sample (Type I) (Sample ID: NSTS-510-120) 
obtained using the UMSA system during the cooling cycle, before the test sample (Type I) was subjected to 
the NSTS process.a) Cooling curve o f the NSTS-510-120 test sample (Type I), b) First Derivative curve vs. 
Temperature curve o f the NSTS-510-120 test sample (Type I) during the solidification process. 1 -  
nucleation o f the A l dendrite network 5 99C, 2 -  nucleation o f the Al-Si eutectic 566 C, 3 — nucleation o f  
the Cu enriched phases 500°C, 4 -  solidus temperature 452.8 C.
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Figure B 14. Melting, melt holding, the solidification, and NSTS process using the UMSA test sample 
(Type I), a) Temperature vs. Time curve o f the NSTS-510-120 test sample (Type l) .l  — heating cycle, 2 -  
melt “stabilization” period, 3 -  the solidification from 750°C to 500°C with a cooling rate o f  a 0.75°C/s, 4 
-  NSTS process at 510°C for 120 minutes, 5 -  air quenching with a cooling rate o f  l°C/s. b) Zoom o f the 
cooling curve and the beginning o f the NSTS process o f Figure B14.a).
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Figure B 15.Thermal Analysis results for the W319 alloy test sample (Type I) (Sample ID: NSTS-510-240) 
obtained using the UMSA system during the cooling cycle, before the test sample (Type I) was subjected to 
the NSTS process, a) Cooling curve o f the NSTS-510-240 test sample (Type I), b) First Derivative curve vs. 
Temperature curve o f the NSTS-510-240 test sample (Type I) during the solidification process. 1 -  
nucleation o f the Al dendrite network 601 C, 2 -  nucleation o f the Al-Si eutectic 566 C, 3 -  nucleation o f  
the Cu enriched phases 497 C, 4 — solidus temperature 447.7 C.
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Figure B 16. Melting, melt holding, the solidification, and NSTS process using the UMSA test sample 
(Type I), a) Temperature vs. Time curve o f the NSTS-510-240 test sample (Type l) .l  -  heating cycle, 2 -  
melt “stabilization” period, 3 -  the solidification from 750°C to 500°C with a cooling rate ofaO. 75° C/s, 4 
-  NSTS process at 510°C for 240 minutes, 5 -  air quenching with a cooling rate o f l°C/s. b) Zoom o f  the 
cooling curve and the beginning o f the NSTS process o f Figure B16.a).
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Figure B 17. Thermal Analysis results for the W319 alloy test sample (Type 1) (Sample ID: NSTS-520-30) 
obtained using the UMSA system during the cooling cycle, before the test sample (Type I) was subjected to 
the NSTS process, a) Cooling curve o f the NSTS-520-30 test sample (Type I), b) First Derivative curve vs. 
Temperature curve o f the NSTS-520-30 test sample (Type I) during the solidification process. 1 -  
nucleation o f the Al dendrite network 596°C, 2 -  nucleation o f the Al-Si eutectic 565°C, 3 -  nucleation o f  
the Cu enriched phases 496 C, 4 -  solidus temperature 452.8 C.
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Figure B 18. Melting, melt holding, the solidification, and NSTS process using the UMSA test sample 
(Type I), a) Temperature vs. Time curve o f the NSTS-520-30 test sample (Type I).l -  heating cycle, 2 -  melt 
“stabilization” period, 3 -  the solidification from 750°C to 520°C with a cooling rate o f a 0.75°C/s, 4 -  
NSTS process at 520°C for 30 minutes, 5 — air quenching with a cooling rate ofl°C/s. b) Zoom o f the 
cooling curve and the beginning o f the NSTS process o f Figure B18.a).
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Figure B 19. Thermal Analysis results for the W319 alloy test sample (Type I) (Sample ID: NSTS-520-60) 
obtained using UMSA system during the cooling cycle, before the test sample (Type I) was subjected to the 
NSTS process, a) Cooling curve o f the NSTS-520-60 test sample (Type I), b) First Derivative vs. 
Temperature curve o f the NSTS-520-60 test sample (Type I) during the solidification process. 1 -  
nucleation o f the Al dendrite network 600°C, 2 -  nucleation o f the Al-Si eutectic 566 C, 3 -  nucleation o f  
the Cu enriched phases 496°C, 4 -  solidus temperature 451.2 C.
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Figure B 20. Melting, melt holding, the solidification, and NSTS process using the UMSA test sample 
(Type I), a) Temperature vs. Time curve o f the NSTS-520-60 test sample (Type I). 1 -  heating cycle, 2 -  melt 
“stabilization ” period, 3 -  the solidification from 750°C to 520°C with a cooling rate ofaO. 75°C/s, 4 -  
NSTS process at 520°C for 60 minutes, 5 -  air quenching with a cooling rate o f  l°C/s. b) Zoom o f  the 
cooling curve and the beginning o f the NSTS process o f Figure B20.a).
125
























Figure B 21. Thermal Analysis results for the W319 alloy test sample (Type I) (Sample ID: NSTS-520-120) 
obtained using UMSA system during the cooling cycle, before the test sample (Type I) was subjected to the 
NSTS process.a) Cooling curve o f the NSTS-520-120 test sample (Type I), b) First Derivative vs. 
Temperature curve o f the NSTS-520-120 test sample (Type I) during the solidification process. 1 -  
nucleation o f the Al dendrite network 601°C, 2 -  nucleation o f the Al-Si eutectic 566°C, 3 -  nucleation o f  
the Cu enriched phases 497°C, 4 -  solidus temperature 447.1°C.
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Figure B 22. Melting, melt holding, the solidification, and NSTS process using the UMSA test sample 
(Type I), a) Temperature vs. Time curve o f the NSTS-520-120 test sample (Type I). I -  heating cycle, 2 -  
melt “stabilization ” period, 3 -  the solidification from 750°C to 520°C with a cooling rate o f a 0.75°C/s, 4 
-  NSTS process at 520°C for 120 minutes, 5 -  air quenching with a cooling rate o f l°C/s. b) Zoom o f the 
cooling curve and the beginning o f the NSTS process o f Figure B22.a).
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Figure B 23.Thermal Analysis results for the W319 alloy test sample (Type I) (Sample ID: NSTS-520-240) 
obtained using UMSA system during the cooling cycle, before the test sample (Type 1) was subjected to the 
NSTS process.a) Cooling curve o f the NSTS-520-240 test sample (Type I), b) First Derivative vs. 
Temperature curve o f  the NSTS-520-240 test sample (Type I) during the solidification process. 1 -  
nucleation o f the Al dendrite network 601 C, 2 -  nucleation o f the Al-Si eutectic 566 C, 3 -  nucleation o f  
the Cu enriched phases 498 C, 4 -  solidus temperature 454.5 C.
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Figure B 24. Melting, melt holding, the solidification, and NSTS process using the UMSA test sample 
(Type I), a) Temperature vs. Time curve o f the NSTS-520-240 test sample (Type I).l -  heating cycle, 2 -  
melt “stabilization” period, 3 -  the solidification from 750°C to 520°C with a cooling rate o f  a 0.75° C/s, 4 
-  NSTS process at 520°C for 240 minutes, 5 -  air quenching with a cooling rate o f  l°C/s. b) Zoom o f the 
cooling curve and the beginning o f the NSTS process o f Figure B24.a).
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Figure B 25. Thermal Analysis results for the W3J9 alloy test sample (Type I) (Sample ID: NSTS-530-30) 
obtained using UMSA system during the cooling cycle, before the test sample (Type I) was subjected to the 
NSTS process, a) Cooling curve o f the NSTS-530-30 test sample (Type I), b) First Derivative vs. 
Temperature curve o f the NSTS-530-30 test sample (Type I) during the solidification process. I -  
nucleation o f the Al dendrite network 601C, 2 -  nucleation o f the Al-Si eutectic 565C, 3 -  nucleation o f  
the Cu enriched phases 496C, 4 -  solidus temperature 446.6 C.
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Figure B 26. Melting, melt holding, the solidification, and NSTS process using the UMSA test sample 
(Type I), a) Temperature vs. Time curve o f the NSTS-530-30 test sample (Type I).l -  heating cycle, 2 -  melt 
“stabilization” period, 3 -  the solidification from 750°C to 530°C with a cooling rate o f  a 0.75°C/s, 4 -  
NSTS process at 530°C for 30 minutes, 5 -  air quenching with a cooling rate o f l°G/s. b) Zoom o f  the 
cooling curve and the beginning o f the NSTS process o f  Figure B26.a).
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Figure B 27. Thermal Analysis results for the W319 alloy test sample (Type I) (Sample ID: NSTS-530-60) 
obtained using UMSA system during the cooling cycle, before the test sample (Type I) was subjected to the 
NSTS process, a) Cooling curve o f the NSTS-530-60 test sample (Type I), b) First Derivative vs. 
Temperature curve o f the NSTS-530-60 test sample (Type I) during the solidification process. 1 -  
nucleation o f the Al dendrite network 599°C, 2 -  nucleation o f the Al-Si eutectic 566C, 3 -  nucleation o f  
the Cu enriched phases 496 C, 4 -  solidus temperature 445.3 C.
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Figure B 28. Melting, melt holding, the solidification, and NSTS process using the UMSA test sample 
(Type I), a) Temperature vs. Time curve o f the NSTS-530-60 test sample (Type I).l -  heating cycle, 2 -  melt 
"stabilization” period, 3 -  the solidification from 750°C to 530°C with a cooling rate o f a 0.75°C/s, 4 -  
NSTS process at 530°C for 60 minutes, 5 -  air quenching with a cooling rate o f l°C/s. b) Zoom o f  the 
cooling curve and the beginning o f the NSTS process ofFigure B28.a).
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Figure B 29. Thermal Analysis results for the W319 alloy test sample (Type I) (Sample ID: NSTS-530-120) 
obtained using UMSA system during the cooling cycle, before the test sample (Type I) was subjected to the 
NSTS process.a) Cooling curve o f the NSTS-530-120 test sample (Type I), b) First Derivative vs. 
Temperature curve o f the NSTS-530-120 test sample (Type I) during the solidification process. 1 -  
nucleation o f the Al dendrite network 6 02C, 2 -  nucleation o f the Al-Si eutectic 567 C, 3 -  nucleation of 
the Cu enriched phases 501°C, 4 -  solidus temperature 453.2°C.
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Figure B 30. Melting, melt holding, the solidification, and NSTS process using the UMSA test sample 
(Type I). a) Temperature vs. Time curve o f the NSTS-530-120 test sample (Type I).l -  heating cycle, 2 -  
melt “stabilization” period, 3 -  the solidification from 750°C to 530°C with a cooling rate o f  a 0.75°C/s, 4 
-  NSTS process at 530°C for 120 minutes, 5 -  air quenching with a cooling rate o f l°C/s. b) Zoom o f the 
cooling curve and the beginning o f the NSTS process o f  Figure 30a).
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Figure B 31 .Thermal Analysis results for the W319 alloy test sample (Type I) (Sample ID: NSTS-530-240) 
obtained using UMSA system during the cooling cycle, before the test sample (Type I) was subjected to the 
NSTS process.a) Cooling curve o f the NSTS-530-240 test sample (Type I), b) First Derivative curve vs. 
Temperature curve o f the NSTS-530-240 test sample (Type I) during the solidification process. 1 -  
nucleation o f the Al dendrite network 600°C, 2 -  nucleation o f the Al-Si eutectic 566°C, 3 -  nucleation o f  
the Cu enriched phases 496°C, 4 -  solidus temperature 450.6°C.
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Figure B 32. Melting, melt holding, the solidification, and NSTS process using the UMSA test sample 
(Type I). a) Temperature vs. Time curve o f the NSTS-530-240 test sample (Type I). 1 -  heating cycle, 2 -  
melt “stabilization” period, 3 -  the solidification from 750°C to 530°C with a cooling rate o f  a 0.75° C/s. 4 
-  NSTS process at 530°C for 240 minutes, 5 -  air quenching with a cooling rate o f l°C/s. b) Zoom o f the 
cooling curve and the beginning o f the NSTS process o f Figure 32a).
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Figure B 33. Thermal Analysis results for the W319 alloy test sample (Type I) (Sample ID: NSTS-540-30) 
obtained using UMSA system during the cooling cycle, before the test sample (Type I) was subjected to the 
NSTS process, a) Cooling curve o f the NSTS-540-30 test sample (Type I), b) First Derivative curve vs. 
Temperature curve o f the NSTS-540-30 test sample (Type I) during the solidification process. 1 -  
nucleation o f the Al dendrite network 598°C, 2 -  nucleation o f the Al-Si eutectic 566C, 3 -  nucleation o f  
the Cu enriched phases 498 C, 4 — solidus temperature 472.9 C.
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Figure B 34. Melting, melt holding, the solidification, and NSTS process using the UMSA test sample 
(Type I), a) Temperature vs. Time curve o f the NSTS-540-30 test sample (Type I). 1 -  heating cycle, 2 -  melt 
“stabilization” period, 3 -  the solidification from 750°C to 540°C with a cooling rate o f  a 0.75°C/s. 4 -  
NSTS process at 540°C for 30 minutes, 5 -  air quenching with a cooling rate ofl°C/s. b) Zoom o f  the 
cooling curve and the beginning o f the NSTS process o f  Figure 34a).
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Figure B 35. Thermal Analysis results for the W319 alloy test sample (Type I) (Sample ID: NSTS-540-60) 
obtained using UMSA system during the cooling cycle, before the test sample (Type I) was subjected to the 
NSTS process, a) Cooling curve o f the NSTS-540-60 test sample (Type I), b) First Derivative curve vs. 
Temperature curve o f the NSTS-540-60 test sample (Type I) during the solidification process. 1 -  
nucleation o f the Al dendrite network 600°C, 2 -  nucleation o f the Al-Si eutectic 566 C, 3 — nucleation o f  
the Cu enriched phases 498 C, 4 — solidus temperature454.5°C.
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Figure B 36. Melting, melt holding, the solidification, and NSTS process using the UMSA test sample 
(Type I). a) Temperature vs. Time curve o f the NSTS-540-60 test sample (Type I).l -  heating cycle, 2 -  melt 
“stabilization” period, 3 -  the solidification from 750°C to 540°C with a cooling rate o f  a 0.75°C/s. 4 -  
NSTS process at 540°C for 60 minutes, 5 -  air quenching with a cooling rate o f l°C/s. b) Zoom o f the 
cooling curve and the beginning o f the NSTS process ofFigure 36a).
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Figure B 37. Thermal Analysis results for the W319 alloy test sample (Type I) (Sample ID: NSTS-540-120) 
obtained using UMSA system during the cooling cycle, before the test sample (Type I) was subjected to the 
NSTS process, a) Cooling curve o f the NSTS-540-120 test sample (Type I), b) First Derivative curve vs. 
Temperature curve o f  the NSTS-540-120 test sample (Type I) during the solidification process. 1 -  
nucleation o f the Al dendrite network 596 C, 2 -  nucleation o f the Al-Si eutectic 566 C, 3 -  nucleation o f  
the Cu enriched phases 496 C, 4 -  solidus temperature 445.4 C.
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Figure B 38. Melting, melt holding, the solidification, and NSTS process using the UMSA test sample 
(Type I). a) Temperature vs. Time curve o f the NSTS-540-120 test sample (Type 1). 1 -  heating cycle, 2 -  
melt “stabilization” period, 3 -  the solidification from 750°C to 540°C with a cooling rate o f  a 0.75°C/s. 4 
-  NSTS process at 540°C for 120 minutes, 5 -  air quenching with a cooling rate o f  l°C/s. b) Zoom o f  the 
cooling curve and the beginning o f  the NSTS process o f Figure 38a).
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Figure B 39. Thermal Analysis results for the W319 alloy test sample (Type 1) (Sample ID: NSTS-540-240) 
obtained using UMSA system during the cooling cycle, before the test sample (Type I) was subjected to the 
NSTS process, a) Cooling curve o f the NSTS-540-240 test sample (Type I), b) First Derivative curve vs. 
Temperature curve o f the NSTS-540-240 test sample (Type I) during the solidification process. 1 -  
nucleation o f the Al dendrite network 599 C, 2 -  nucleation o f the Al-Si eutectic 565 C, 3 — nucleation o f  
the Cu enriched phases 499°C, 4 -  solidus temperature 472.5°C.
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Figure B 40. Melting, melt holding, the solidification, and NSTS process using the UMSA test sample 
(Type I), a) Temperature vs. Time curve o f the NSTS-540-240 test sample (Type I).l -  heating cycle, 2 -  
melt “stabilization” period, 3 -  the solidification from 750°C to 540°C with a cooling rate o f a 0.75°C/s. 4 
-  NSTS process at 540°C for 230 minutes, 5 -  air quenching with a cooling rate o f l°C/s. b) Zoom o f the 
cooling curve and the beginning o f the NSTS process o f Figure 40a).
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APPENDIX C
UMSA Heat Treatment simulations of the CST process at 500, 510, 520, 530, and 540°C 
for 30, 60, 120, 240 minutes performed for test sample (Type I) are presented in this 
section.
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Figure C 1. Temperature vs. Time curve o f the UMSA test sample (Type I) (Sample ID: CST-500-30). 
1 -  heating cycle, 2 -  melt “stabilization ” period, 3 -  cooling curve, 4 - CST at 50(fC for 30 minutes 
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Figure C 2. Temperature vs. Time curve o f the UMSA test sample (Type I) (Sample ID: CST-500-60). 
1 -  heating cycle, 2 -  melt “stabilization ” period, 3 -  cooling curve, 4 - CST at 50(fC for 60 minutes 
(heating rate o f O.TC/s), 5 -  air quenching with a cooling rate o f  TC/s.
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Figure C 3. Temperature vs. Time curve o f the UMSA test sample (Type I) (Sample ID: CST-500-120). 
1 -  heating cycle, 2 -  melt “stabilization” period, 3 -  cooling curve, 4 - CST at 5 OOPC for 120 minutes 
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Figure C 4. Temperature vs. Time curve o f the UMSA test sample (Type I) (Sample ID: CST-500-240). 
1 -  heating cycle, 2 -m e lt “stabilization” period, 3 -  cooling curve, 4 - CST at 50(fC for 240 minutes 
(heating rate o f O.TC/s), 5 -  air quenching with a cooling rate o f TC/s.
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Figure C 5. Temperature vs. Time curve o f the UMSA. test sample (Type I) (Sample ID: CST-510-30). 
I -  heating cycle, 2 -  melt “stabilization ” period, 3 -  cooling curve, 4 - CST at 51(fC for 30 minutes 
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Figure C 6. Temperature vs. Time curve o f the UMSA test sample (Type I) (Sample ID: CST-510-60). 
1 -  heating cycle, 2 -  melt “stabilization” period, 3 — cooling curve, 4 -  CST at 51OPC for 60 minutes 
(heating rate o f O.TC/s), 5 -  air quenching with a cooling rate o f TC/s.
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Figure C 7. Temperature vs. Time curve o f the UMSA test sample (Type I) (Sample ID: CST-510-120). 
1 -  heating cycle, 2 -  melt “stabilization” period, 3 -  cooling curve, 4 -  CST at 51 CPC for 120 minutes 
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Figure C 8. Temperature vs. Time curve o f  the UMSA test sample (Type 1) (Sample ID: CST-510-240). 
1 -heating cycle, 2 -  melt “stabilization” period, 3 -  cooling curve, 4 - CST at 51 (fC  for 240 minutes 
(heating rate o f O.TC/s), 5 -  air quenching with a cooling rate o f TC/s.
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Figure C 9. Temperature vs. Time curve o f the UMSA test sample (Type I) (Sample ID: CST-520-30). 
1 -  heating cycle, 2 -  melt “stabilization ” period, 3 -  cooling curve, 4 - CST at 52(fC for 30 minutes 
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Figure C 10. Temperature vs. Time curve o f the UMSA test sample (Type 1) (Sample ID: CST-520-60). 
1 -  heating cycle, 2 -  melt “stabilization ” period, 3 -  cooling curve, 4 - CST at 52(fC for 60 minutes 
(heating rate o f 0. TC/s), 5 -  air quenching with a cooling rate o f TC/s.
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Figure C 11. Temperature vs. Time curve o f the UMSA test sample (Type I) (Sample ID: CST-500-120). 
1 -heating cycle, 2 -  melt “stabilization” period, 3 -  cooling curve, 4 - CST at 50(fC for 120 minutes 
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Figure C 12. Temperature vs. Time curve o f the UMSA test sample (Type I) (Sample ID: CST-520-240). 
1 -  heating cycle, 2 -  melt “stabilization ” period, 3 -  cooling curve, 4 - CST at 52CPC for 240 minutes 
(heating rate o f 0. TC/s), 5 -  air quenching with a cooling rate o f TC/s.
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Figure C 13. Temperature vs. Time curve o f the UMSA test sample (Type I) (Sample ID: CST-530-30). 
1 -  heating cycle, 2 -  melt “stabilization ” period, 3 -  cooling curve, 4 - CST at 53(fC for 30 minutes 
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Figure C 14. Temperature vs. Time curve o f the UMSA test sample (Type I) (Sample ID: CST-530-60). 
1 -  heating cycle, 2 -  melt “stabilization ’’ period, 3 -  cooling curve, 4 - CST at 530PC for 60 minutes 
(heating rate o f O.TC/s), 5 -  air quenching with a cooling rate o f TC/s.
153




P  500 ■
a)k_





15000 180000 3000 6000 9000 12000
Time, s
Figure C 15. Temperature vs. Time curve o f the UMSA test sample (Type I) (Sample ID: CST-530-120). 
1 -  heating cycle, 2 -m e lt “stabilization” period, 3 -  cooling curve, 4 - CST at 53 (TC for 120 minutes 
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Figure C 16. Temperature vs. Time curve o f the UMSA test sample (Type I) (Sample ID: CST-530-240). 
1 -heating cycle, 2 -m e lt “stabilization” period, 3 -  cooling curve, 4 - CST at 5 3(fC for 240 minutes 
(heating rate o f O.TC/s), 5 -  air quenching with a cooling rate o f TC/s.
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Figure C 17. Temperature vs. Time curve o f the UMSA test sample (Type I) (Sample ID: CST-540-30). 
1 -  heating cycle, 2 -  melt “stabilization ” period, 3 -  cooling curve, 4 - CST at 54(fC for 30 minutes 
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Figure C 18. Temperature vs. Time curve o f the UMSA test sample (Type I) (Sample ID: CST-540-60). 
1 — heating cycle, 2 -  melt “stabilization ” period, 3 -  cooling curve, 4 - CST at 54(fC for 60 minutes 
(heating rate o f O.TC/s), 5 -  air quenching with a cooling rate o f TC/s.
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Figure C 19. Temperature vs. Time curve o f the UMSA test sample (Type I) (Sample ID: CST-540-120). 
1 -  heating cycle, 2 -  melt “stabilization ” period, 3 -  cooling curve, 4 - CST at 54CTC for 120 minutes 
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Figure C 20. Temperature vs. Time curve o f the UMSA test sample (Type I) (Sample ID: CST-540-240). 
1 -  heating cycle, 2 -  melt “stabilization” period, 3 -  cooling curve, 4 - CST at 54CTC for 240 minutes 
(heating rate o f 0.TC/s), 5 -  air quenching with a cooling rate o f l°C/s.
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APPENDIX D
Selected X-ray radiograph images of the tensile test bars subjected to the NSTS and CST 
processes prior to tensile testing are presented in this section.
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Figure D. 1. X-ray Radiograph image of the tensile test bar subjected to the NSTS 
process at 510°C for 30 minutes followed by two weeks of Natural Aging. The defect 
level is based on Nemak’s specifications.
Figure D. 2. X-ray Radiograph image of the tensile test bar subjected to the CST process 
at 510°C for 30 minutes followed by two weeks of Natural Aging. The defect level is 
based on Nemak’s specifications.
Figure D. 3. X-ray Radiograph image of the tensile test bar subjected to the NSTS 
process at 510°C for 30 minutes followed by the Artificial Aging process at 200°C for 
120 minutes. The defect level is based on Nemak’s specifications.
Figure D. 4. X-ray Radiograph image of the tensile test bar subjected to the CST process 
at 510°C for 30 minutes followed by the Artificial Aging process at 200°C for 120 
minutes. The defect level is based on Nemak’s specifications.
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SI
Figure D. 5. X-ray Radiograph image of the tensile test bar in the as-cast condition. The 
defect level is based on Nemak’s specifications.
Figure D. 6. Selected X-ray radiograph images of the tensile test bars with an internal 
defect level exceeding the acceptable level of 5.
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